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1m Rahmen der vorliegenden Dissertation wurden Untersuchungen an Bakterien
durchgefUhrt, diet unter anoxischen Bedingungen Fe(I1) als Elektronendonator oder
Fe(I1I) als Elektronenakzeptor nutzen ktinnen.
l. Aus Sedimentproben vom Jadebusen (Nordsee, DeutscWand) wurden die ersten
marinen Purpurbakterien isoliert, die anaerob mit Fe(I1) als einzigem
Elektronendonator im Licht wachsen konnten. Dabei handelte es sich urn zwei neue
Arten der Gattung Rhodovulum. Beide Arten wurden charakterisiert und als Rdv.
iodosum beziehungsweise Rdv. robiginosum beschrieben.
2. In Arueicherungskulturen und in Reinkulturen wurde gezeigt, daB auch
Nitratreduzierer unter anoxischen Bedingungen Fe(I1) als Elektronendonator nutzen
ktinnen. Das Endprodukt der Nitratreduktion war molekularer Stickstoff. Eine Bildung
von Ammonium wurde nicht beobachtet. Die anaerobe Oxidation von Fe(I1) unter
nitratreduzierenden Bedingungen stellt einen zuvor unbekannten Stoffwechseltyp dar.
3. Es wurden drei nitratreduzierende Stamme, BrG I, BrG2 und BrG3, isoliert und
charakterisiert, die unter anoxischen Bedingungen Fe(ll) als zusatzlichen
Elektronendonator in Gegenwart organischer Substrate (mixotroph) nutzen konnten.
Jeder Stamm reprasentierte eine neue Gattung innerhalb der Beta- beziehungsweise der
Gamma-Untergruppe der Proteobakterien.
4. Die Verbreitung der anaeroben, nitratabhangigen Oxidation von Fe(II) durch
Mikroorganismen wurde in verschiedenen europaischen SiiBwassersedimenten
untersucht. In jeder Sedimentprobe fanden sich Nitratreduzierer, die Fe(ll) unter
anoxischen Bedingungen oxidieren konnten. Dabei betrug die AnzaW mixotroph
Fe(Il)-oxidierender Nitratreduzierer zwischen 1,1 X 105 und 4,2 x 106 pro g
Trockenmasse Sediment; die Anzahllithotroph Fe(ll)-oxidierender Nitratreduzierer lag
urn den Faktor 102 bis 105 niedriger.
5. Neben den Stammen BrG I, BrG2 und BrG3 gibt es weitere, zahlenmaBig haufiger
auftretende, noch nicht identifizierte Nitratreduzierer, die Fe(I1) als Elektronendonator
nutzen konnten. Auch je ein Stamm von Pseudomonas stutzeri und Thiobacillus
denitrificans konnte Fe(ll) unter nitratreduzierenden Bedingungen oxidieren.
6. SowoW unter den Nitratreduzierem als auch unter den phototrophen Bakterien machten
die Arten, welche Fe(II) anaerob als Elektronendonator nutzen konnten, in den
untersuchten Standorten nur einen verhilltnismaBig kleinen Anteil aus (maximal 0,8 %
beziehungsweise 0,04%).
7. Bei der anaeroben Oxidation von Fe(II) entstand sowohl in Kulturen der marinen,
phototrophen Purpurbakterien als auch in Kulturen der Nitratreduzierer aus
SliBwassersedimenten scWecht kristallisiertes 2-Linien Ferrihydrit. Dieses biologisch
produzierte Ferrihydrit eignete sich als Elektronenakzeptor fur Fe(lII)-reduzierende
Bakterien, beispielsweise fur Geobacter metallireducens oder Shewanella putrefaciens.
Darnit erOffnet sich die Moglichkeit fur einen anaeroben Eisenkreislauf.
8. Mit dem biologisch produzierten Ferrihydrit wurden zwei neue Arten der Gattung
Geobacter isoliert, charakterisiert und als G. bremenensis, beziehungsweise G.
aggregans beschrieben. In Wachstumsversuchen mit G. aggregans wurde erstmals die
dissimilatorische Reduktion von Akaganeit (p-FeOOH) in einer Reinkultur gezeigt.
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Teil1: Darstellung der Ergebnisse im
Gesamtzusammenhang
A Einleitung
Durch ihre Fahigkeit zur Mineralisierung von organischen Verbindungen spielen
Mikroorganismen eine bedeutende Rolle in der Erhaltung der StoffkreisHiufe,
beispielsweise der Elemente Kohlenstoff, Stickstoff, Phosphor und Schwefel. Ein
GroBteil der organischen Verbindungen wird mit Sauerstoff als Elektronenakzeptor
oxidiert. In anoxischen Habitaten werden dagegen Nitrat, Mn(IV), Fe(II1) , Sulfat oder
CO2 als Elektronenakzeptoren genutzt (86).
Die Bedeutung von Nitrat als Elektronenakzeptor wird schon seit Hingerem unter
biogeochemischen, mikrobiologischen und biochemischen Aspekten untersucht (30, 52,
87). 1m Gegensatz dazu wurde die Bedeutung von Fe(II1) als Elektronenakzeptor erst
durch Untersuchungen der letzten Jahre offensichtlich (56, 63). Die dissimilatorische
Reduktion von Fe(III) liefert dernnach sowohl in SliBwassersedimenten als auch an
marinen Standorten einen wichtigen Beitrag bei der Mineralisierung von organischen
Verbindungen. Aus Messungen an marinen Standorten wurde geschlossen, daB bis zu
50% der Kohlenstoffmineralisierung an die Reduktion von Fe(III) gekoppelt sein konnen.
An solchen Standorten scheint ein einzelnes Fe-Atom zwischen 100- und 300mal
reduziert und oxidiert zu werden, bevor es endgliltig im Sediment eingebettet wird (15,
16). Dieser reduktive Teil des anaeroben Eisenkreislaufs wird mittlerweile
biogeochemisch und mikrobiologisch untersucht.
Die vorliegende Dissertation will einen Beitrag zum bisher kaum untersuchten
mikrobiellen oxidativen Teil des anaeroben Eisenkreislaufs Hefem. Es werden zwei
verschiedene Stoffwechseltypen, phototrophe und nitratreduzierende Bakterien,
beschrieben, die unter anoxischen Bedingungen Fe(II) dissimilatorisch oxidieren konnen.
Durch ein Zusammenspiel von anaerob Fe(II)-oxidierenden und anaerob Fe(III)-
reduzierenden Bakterien ergibt sich die Moglichkeit fUr einen anaeroben rnikrobiellen
Eisenkreislauf in anoxischen BOden und Sedimenten.
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1 Chemische Eigenschaften und Vorkommen von Eisen
Eisen ist ein sehr reaktives Element und gehort chemisch zu den Ubergangsmetallen,
deren Atome eine unvollstandige d-Schale besitzen. Eisen kann deshalb in verschiedenen
Oxidationsstufen vorkommen und zahlreiche Komplexverbindungen eingehen. Eisen trill
in seinen Verbindungen hauptsachlich in den Oxidationsstufen +2, +3 oder +6 auf (38).
Eisen ist das haufigste Element der Erde lind mit 5, I Gewichtsprozent nach Sauerstoff,
Silicium und Aluminium das vierthaufigste Element der Erdkruste (26, 38). In erster Linie
geiangt Eisen durch vllikanische Aktivitaten aus dem Erdinneren an die Erdoberflacbe.
Dort wird das Eisen aus den primaren magmatischen Gesteinen durch
Verwitterungsprozesse freigesetzt und findet sich in Form unterschiedlicher Minerale in
Steinen, Boden lind Sedimenten. Bei den Verwillelllngsprozessen durch Oxidation und
Hydrolyse kommt es unter oxischen Bedingungen ZUl" Bildung von Fe(III)-Oxiden (26).
Bisher sind 16 verschiedene Fe(III)-Oxide, -Hydroxide und -Oxihydroxide bekannt.
Vereinfachend werden alle 16 Verbindungen unter dem Begriff der Fe(III)-Oxide
zusammengefal3t. Aile Fe(III)-Oxide bestehen aus Fe, 0 und/oder OH-Gruppen lind
unterscheiden sich in ihrer Zusammensetzung und Kristallstruktur (19). Fe(III)-Oxide
sind haufig fur die charakteristischen Farben von Boden und Sedimenten verantwortJich.
Goethit (a-FeOOH) hat beispielsweise eine gelb-braune Farbe lind kommt in fast allen
BOden und Sedimenten VOl". Hiimatit (a-Fep,) dagegen Iiegt hauptsachlich in tropischen
und subtropischen Regionen vor und verieiht den Boden dort ihre charakteristisch rote
Farbe (70). Bei Magnetit (Fep.) handelt es sich um kein reines Fe(III)-Oxid, da es neben
zwei Teilen Fe(III) auch einen Teil Fe(Il) beinhaltet. Magnetit ist ein magnetisches
Mineral von schwarzer Farbe (70). Ferrihydrit ist ein schwach kristallisiertes Fe(III)-
Oxid, das hallfig an der Obertlache von Sed.imenten vorkommt. Es ist das Produkt einer
schnellen Oxidation von Fe(n), beziehungsweise der Oxidation von Fe(n) in
Anwesenheit von chemischen Verbindungen, die eine bessere Kristallisation verhindern.
Als Inhibitoren kommen dabei organische Verbindllngen, Phosphate und Silikate in
Frage. Des weiteren stabilisieren diese Verbindllngen Ferrihydrit, da sie seine
Umwandlung in starker kristallisierte Fe(III)-Oxide, beispielsweise Hamatit, verzogem
( 19).
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Fe(n) ist unter oxischen Bedingungen und pH-Werten im Neutralbereich instabil, da
es innerhalb von kurzer Zeit durch Sauerstoff oxidiert wird. Die Halbwertszeit von Fe(IT)
betragt in sauerstoffgesattigtem Wasser lediglich zwischen einer und sieben Minuten (51).
In anoxischen Boden und Sedimenten kommt es durch die metabolischen Aktivitiiten von
Fe(III)-Reduzierem zur Bildung von Fe(IT). Es liegt dann haufig in der Form von Siderit
(FeC03) oder Vivianit (Fe3(PO.)1) VOL Des weiteren kann es durch die metabolischen
Aktivitaten von Sulfatreduzierem zur Bildung von Eisensulfid (FeS) kommen, da Sulfid,
das Endprodukt der Sulfatproduktion, Fe(III)-Oxide chemisch reduzieren kann.
Unter Standardbedingungen liegt das Redoxpotential des Redoxpaares Fe3+/ Fe2+ bei
p= +0,77 V. Dafiir miissen sich allerdings beide Ionenspezies in Losung befinden. Dies
ist aber nur der Fall bei pH-Werten unterhalb von 3. Bei hoheren pH-Werten, also bei
steigenden Konzentrationen an Hydroxid-Ionen, kommt es zur Bildung von unloslichen
Fe(ill)-Hydroxidprazipitaten. Damit nimmt die Konzentration an gelosten Fe3+-Ionen mit
steigendem pH-Wert drastisch ab, und das Redoxpotential des Redoxpaares Fe(III)/Fe(IT)
verschiebt sich zu negativeren Werten (33, 84).
Werden auBerdem die Eisenspezies beriicksichtigt, die in Bicarbonat-gepufferten
natiirlichen Systemen oder Laborkulturen vorherrschen, so ergibt sich bei pH 7 ein
Redoxpotential von ungefiihr +0,1 V fUr das Redoxpaar Fe(OH)/FeC03• In Abbildung I
sind die Stabilitatsfelder wichtiger Eisenspezies dargestellt (84).
2 Biologische Funktionen von Eisen
Eisen ist das haufigste Metall der Biosphare, das Redoxwechsei durcWaufen kann. Dabei
sind insbesondere die Oxidationsstufen +2 und +3 von Bedeutung, da sie leicht
ineinander iibergehen konnen. Fiir fast aile Organismen - Prokaryonten wie Eukaryonten
ist Eisen ein essentielles Spurenelement. Eine Gruppe homofermentativer
Milchsaurebakterien der Gattung Streptococcus bildet eine Ausnahrne und kann ohne
Eisen wachsen (26).
Eisen ist meist als Teil einer funktionellen Gruppe in Proteine eingebunden. Diese
Proteine konnen zum einen an Elektroneniibertragungen beteiligt sein (beispielsweise
Cytochrome, [FeS]-Proteine), zum anderen konnen sie fUr den Transport von Sauerstoff
verantwortlich sein (Harnoglobin, Myoglobin) oder Reaktionen mit Sauerstoffspezies
katalysieren (Peroxidasen, Oxidasen, Oxigenasen) (20, 26).
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Abbildun.g. 1. Eh-pH-Oiagramm fiir versehiedene Eisenspezies und molekularen Sauerstoff
(atmosphansehe KonzentralIon, H,O unter der entspreehenden Linie) bei 25°C. Fiir die
Bereehnungen wurden folgende KonzentratlOnen beriieksiehtigt· I mM Gesamt . d20 mM ,.. . h . elsen un
...ge oster anorgamse er Kohlenstoff (CO" HCO; und CO""). Fiir die Bereehnun der
Aktlvltatskoeffizlenten wurde eme Ionenstrarke von 005 angenommen 01· t . gh I
L ·b d· S b·I··· < ., , . e ges fIe e temle gl t Ie ta I Itats,elder flir Fe' und Fe(OH) in Abwesenheit von ano . . hKohlenstoff an (84). 1 rgamse em
Innerhalb der Gruppe YOn Mikroorganisrnen, die Fe(II) mit Sauerstoff a1s
Elektronenakzeptor oxidieren konnen, wird zwischen acidophilen und neutrophilen
Organismen unterschieden. Diese Vnterscheidung ist auch deshalb wichtig, da sowoW die
Bestiindigkeit von Fe(II) unter oxischen Bedingungen a1s auch das Redoxpotential des
Redoxpaares Fe(III)/Fe(I1) yom pH-Wert abhiingig sind.
Vnter acidophilen Bedingungen, das heiBt bei pH-Werten zwischen 1,5 und 3, sind
Fe2+-Ionen in Gegenwart yon Sauerstoff rnetastabil. Bakterienarten aus yerschiedenen
Abstamrnungslinien und sugar extrern thermophile Archaeen konnen unter diesen
Bedingungen Fe(II) a1s Elektronendonator nutzen. Der bekannteste Vertreter dieser
physiologischen Gruppe ist Thiobacillus ferrooxidans (49, 54). Es gibt yerschiedene
Isolate - rneist aus sauren Grubenwassern gewonnen - die autotroph mit Fe(I1) a1s
einzigern Elektronendonator und Sauerstoff a1s Elektronenakzeptor wachsen konnen. Bei
diserer aeroben mikrobiellen Oxidation yon Fe(ll) entsteht das Fe(lIl)-Oxid
Schwertrnannit (Fe,p,6(OH\(S04)z· nHp; 4, 19). Die Redoxpotentialdifferenz, die
dabei zur Verfiigung sleht, ist a11erdings gering, und daher sind die Wachsturnsertrage
niedrig.
3 Nutzung von Fe(II) als Elektronendonator durch aerobe
Mikroorganismen
Eine besondere Funktion erfiillt Eisen bei rnagnetotaktischen Bakterien. Diese
konnen Fe(III) nach der Aufnahme in die Zelle zu Magnetit reduzieren. Die
Magnetitkristalle werden dann in rnernbrangebundenen Strukturen, den Magnetosornen,
eingelagert und ermoglichen den Bakterien eine Orientierung irn Magnetfeld der Erde (8,
26, 31).
Fe(III)-Oxide liegen bei pH-Werten irn Neutralbereich in unloslicher Form yor und
konnen deshalb nicht direkt VOn den Bakterien aufgenomrnen werden. Urn dennoch die
Versorgung mit Eisen zu gewiihrleisten, haben Bakterien spezielle Chelatoren, die
Siderophore, entwickelt. Siderophore besitzen eine hohe Afftnitat fur dreiwertiges Eisen
und solubilisieren dessen Oxide. Siderophore, die mit Fe(Ill) besttickt sind, werden uber
spezielle Transportsysterne in die Zelle aufgenomrnen. Dort erfolgt die enzyrnatische
Reduktion des Fe(III) und die Freisetzung des dabei gebildeten Fe(ll), da die Afftnitat der






















Die anaerobe Nutzung von Fe(II) a1s Elektronendonator durch neutrophile
Mikroorganismen wurde erstrnalig fur phototrophe Purpurbakterien beschrieben.
Gleichz~itig wurde darnit eine neue Form der bakteriellen Photosynthese entdeckt (24,
84). Eme phototrophe Oxidation von Fe(ll) ist thermodynarnisch moglich. Die
Mlttelpunktsredoxpotentiale der Reaktionszentren bei Griinen Bakterien und
Purpurbakterien liegen niirn.lich bei +0,3 V beZiehungsweise +0,45 V, wahrend das
Redoxpotential des Redoxpaares Fe(OH)/FeCOJ bei ungefahr +0, I V Iiegt.
Bisher wurden drei verschiedene Arten von Fe(II)-oxidierenden Purpurbakterien aus
SiiBwassersedimenten isoliert und charakterisiert. Dabei handelt es sich urn ein
Rhodomicrobium-vannielii-ahnliches Bakterium und zwei neue Arten, die mit Arten der
Gattungen Rhodobacter beziehungsweise Thiodictyon verwandt sind (24, 44, 84).
AuBerdem konnte ein Griines Bakteriurn angereichert werden, daB ebenfalls Fe(II) a1s
Elektronendonator fiir eine anoxygene Photosynthese nutzt (44).
Zu den anderen aeroben, acidophilen Fe(II)-Oxidierem ziiliIen Leptospirillun
ferrooxidans und Sulfobacillus thermosulfidooxidans. Die bekanntesten Vertreter d
extrem thermophilen, acidophilen Archaeen, die Fe(lI) aerob oxidieren konnen sine
Sulfolobus acidocaldarius und Metallosphaera sedula (7).
Biochemische Untersuchungen zur aeroben Oxidation von Fe(II) bei T. ferrooxidan~
L. ferrooxidans und M. sedula weisen darauf hin, daB jeder der genannten Organismer
em anderes System mit unterschiedlichen Redoxproteinen zur Nutzung von Fe(Il:
entwlckelt hat. Darnit und aufgrund der phylogenetischen DiversiUit innerhalb diesel
physiologischen Gruppe wird angenommen, daB die Fahigkeit zur aeroben Oxidation von
Fe(II) im Laufe der Evolution mehrfach entstanden ist (5-7).
Da unter oxischen Bedingungen bei pH-Werten ~ die chemische Oxidation von Fe(lI)
mit Sauerstoff sehr rasch verlauft, ist es schwierig zu zeigen, daB Mikroorganismen auch
unter diesen Bedingungen die Oxidation von Fe(II) enzymatisch kataIysieren und daraus
Energie zum Wachstum konservieren (26). Innerhalb der physiologischen Gruppe
moghcher neutrophiler, aerober Fe(Il)-Oxidierer ist Gallionella ferruginea der einzige
Vertreter, von dem Reinkulturen existieren und ein autotrophes Wachstum mit Fe(II)
angenommen wird (40, 41). G. ferruginea oxidiert Fe(II) zu Fenihydrit (19). Von den
anderen Mikroorganimen, die imrner wieder mit Fe(IlI)-Ablagerungen in Verbindung
gebracht werden (beispielsweise Lepthotrix ochracea oder Crenothrix polyspora 26, 35),
fehlen nach wie vor Reinkulturen fiir stoffwechselphysiologische Untersuchungen.
4 Nutzung von Fe(lI) als Elektronendonator durch anaerobe
Mikroorganismen
1m Rahmen der vorliegenden Dissertation wurde gezeigt, daB auch nitratreduzierende
Bakterien Fe(II) unter anoxischen Bedingungen a1s Elektronendonator nutzen konnen.
Parallel zu den eigenen Untersuchungen wurde mit Ferroglobus placidus ein Organismus
beschrieben, der von einem marinen Standort isoliert wurde, zu den hyperthermophilen
Archaeen zahlt, und ebenfalls Fe(II) unter nitratreduzierenden Bedingungen oxidieren
kann (39).
5 Nutzung von Fe(III) als Elektronenakzeptor durch
Mikroorganismen
Fe(lIl) kann in zwei stoffwechselphysiologisch unterschiedlichen Weisen a1s
Elektronenakzeptor genutzt werden. Zum einen gibt es viele Bakterien, beispielsweise
Escherichia coli, Clostridium pasteurianum und Lactobacillus lactis, die im Verlauf von
Giirungsprozessen einen geringen Teil - meist weniger a1s 5% - der gebildeten
Reduktionsaquivalente auf Fe(IlI) iibertragen konnen. Bei einem Vergleich der Zellertrage
in Wachstumsversuchen mit oder ohne Fe(IlI) hat sich gezeigt, daB die Dbertragung von
Reduktionsaquivalenten auf Fe(IlI) im Zuge einer Giirung den Bakterien einen etwas
hbheren Zellertrag ermbglicht (56).
Zum anderen gibt es Bakterien, welche die von Substraten abgespaltenen Elektronen
auf Fe(lII) a1s terminalen Elektronenakzeptor iibertragen und dabei durch eine
Elektronentransportphosphorylierung Energie konservieren (56). Der bekannteste
Vertreter dieser physiologischen Gruppe ist Geobacter metallireducens (59). G.
metallireducens und weitere Fe(IlI)-reduzierende Arten der Gattung Geobacter scheinen
zahlenmaBig haufig vorzukommen und geographisch weit verbreitet zu sein (II, 18, 34).
lnzwischen wurden allerdings auch einige dissirnilatorisch Fe(IlI)-reduzierende Bakterien
aus anderen phylogenetischen Gruppen isoliert (beispielsweise 13, 17,37,68,71).
Interessanterweise kann Thiobacillusferrooxidans, in erster Linie bekannt a1s aerober,
acidophiler Fe(II)-Oxidierer (49, 54), unter anaeroben Bedingungen das Fe(lII)-Oxid
Schwertmannit a1s Elektronenakzeptor nutzten. Da Schwertmannit das Fe(IlI)-Oxid ist,
welches bei der aeroben Oxidation von Fe(II) durch T. ferrooxidans entsteht (4, 19),
kann T. ferrooxidans bei wechselnden oxischen und anoxischen Bedingungen einen
acidophilen Eisenkreislauf katalysieren (50, 66).
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B Ergebofsse uod Diskussioo
Tell I: Anaerobe Oxidation von Fe(ll) durch marine,
phototrophe Purpurbakterien
Die anaerobe Nutzung von Fe(II) als Elektrondonator durch phototrophe Bakterien wurde
erstrnalig an Sedimentproben beobachtet, die im Licht inkubiert wurden. Die
Sedimentproben stammten aus Siil3wassergraben und von marinen Standorten. Jedoch
wurden nur aus den Siil3wassersedimenten Reinkulturen gewonnen, die mit Fe(Il) als
einzigem Elektronendonator im Licht gutes Wachstum zeigten (24, 84). Obwohl die
marinen Anreicherungen Fe(ll) in gleichem Malle oxidierten wie die
Siil3wasseranreicherungen, zeigten daraus gewonnene Isolate nur ein scWechtes
Wachstum mit Fe(Il); diese marinen Isolate waren deshalb nicht weiter kultiviert worden
(84).
Nun spielt Fe(IIl) nicht nur in Siil3wassersedimenten, sondem auch in marinen,
kiistennahen Sedimenten als Elektronenakzeptor bei der Mineralisierung von organischem
Material eine wichtige RoUe (I, IS). Messungen in Sedimenten legen die Vermutung
nahe, daB ein einzelnes Fe-Atom zwischen 100- und 300mal reduziert und oxidiert wird,
bevor es endgiiltig im Sediment eingebettet wird (16). Dariiber hinaus wird angenommen,
daB bei hohen Fe(IIl)-Reduktionsraten Fe(II) durchaus auch in den obersten Millimetem
von Sedimenten vorkommen kann (16, 80). Weil in die obersten Millimeter von
Sedimenten auch noch Licht eindringt, konnte in solchen Zonen dann Fe(Il) als
Elektrondonator flir marine, anoxygene phototrophe Bakterien dienen.
Mit Sedimenten vom Jadebusen (Nordsee, DeutscWand) wurde deshalb die Frage nach
marinen, Fe(ll)-oxidierenden, phototrophen Bakterien nochmals neu aufgegriffen.
Dariiber hinaus soUten marine Isolate gewonnen werden, urn sie mit den bisher isolierten
Siil3wasserstammen vergleichen zu konnen.
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Isolierung der phototrophen Starnme Nt und N2
v· .ler verschledene Sedimentproben vom Jadebusen wurden als Ino ..
Anrelcherungen benutzt F·· d. A . kuJum flir phototrophe
. ur Ie nrelcherungen w d k·· 1"
verwendet, dem 10 mM FeSO .. ur e unst Iches Meerwassermedium
4 als eHlZlge ElektronenqueUe fu
Anreicherungen wurden bei 200C. L. .. zuge gt wurde. Die1m Icht Hlkublert Nach vier W h h .
Anreicherung ein rostiger B I f d .. oc en alte slch in jeder
e ag au er hchtzug dt S·
verschiedenen Anreicherungen w d . 5 ewan en elte gebildel. Von den
haltigem Medi ur en ffilt -10% Inokulum Passagen in frischem Fe(II)-
urn angelegl. Die Oxidation von Fe(II) erf .
Foigepassagen nur noch stark I .. olgte Jedoch in allen
ver angsamt und HI welt geringe A .
urspriinglichen Anreicherungen. Erst als den Medi ~m usmaB als HI den
Thiosulfat als reduzierte Schw Ii I II en 0,5 mM Eisensuifid oder 0,5 rnM
e e que e zugesetzt wurde erfolgt di O· .
Fe(II) in derselben Oesch . d. k . . ,e e XldalJon von
WHI Ig elt und un gleich A aB .
beobachtet. Das im Medium vo h d en usm wle urspriinglich
r an ene Sulfat konnte als Sch Ii I
nicht genutzt werden. we e queUe offensichtlich
Aus den Anreicherungen wurde iiber wiederholte .. .
als einziger ElektronenqueU . R. Agarverdunnungsrelhen mit Fe(II)
e eme elhe Fe(Il)-oxidie d h
gewonnen. Zwei Stamm be . hn ren er, p ototropher Isolate
. e, zelC et als N lund N2 w d ... . .
phYSlOlogische und phylogenetische Ch akt .. ,ur en fur eme detaillJerte
. ar enslerung ausgewahlt d . h di
geblldeten Fe(IIl)-P .. . . . . ' a SIC e von ihnen
razlpltate charaktenSlisch unterschieden We
N 1 ohne zwischenzeitliches Aufschiilteln .nkub. . nn Kulturen von Stamm
. I lert wurden bildete . h .
roSliger Belag an der Olas dinK ,SIC em fester,
wan. ulturen von St N2 b·ld
lose Fe(IIJ)-Flocken Dariibe h. .. arnrn I eten sich immer komige,
.. . . r maus oXldlerte Stamm N I . W
ubhcherweise nur 65% des h d m achstumsversuchen
vor an enen Fe(II) wahre d· W
Starnrn N2 bis zu 95% des Fe(II) .d. ' n m aschstumsversuchen mit
.. OXI lert wurden (siehe Seite 52) D· .
Starnrnen gebildeten Fe(ill) P .. . . . Ie von belden
- razlpltate konnten als Ferrih dri ·d . .
Dunkelkontrollen und Kontroll . y t I enlJflZlert werden. In
en ffilt pasteuris· rt In kFe(II) statl. Ie em 0 ulum fand keine Oxidation von
II
2 PhylogeDetische CharakterisiernDg der Stamme Nt nDd N2
Die Analyse der 16S rRNA-Gensequenzen der neu isolierten Stiirrune zeigte, daB beide
mit Bakterienarten der Gattung Rhodovulum verwandt waren. Die Gattung Rhodovulum
umfaBt bisher nur marine phototrophe Bakterienarten und biJdet zusammen mit der
Gattung Rhodobacter eine gemeinsame Abstammungslinie innerhalb der Alpha-
Untergruppe der Proteobakterien (46). Die AhnJichkeiten der 16S rRNA-Gensequenzen
der Stiirrune N lund N2 mit anderen Arten der Gattung Rhodovulum lagen im Bereich
von 93,6% bis 94,3%; am nachsten waren beide Stiirrune mit Rdv. adrilJticum verwandt.
Der Vergleich der 16S rRNA-Gensequenzen von Stamm NI und Stamm N2 zeigte eine
Ahnlichkeit von 95,2% (siehe Seite 48).
Eines der beschriebenen Fe(II)-oxidierenden, phototrophen StiBwasserisolate, namlich
Stamm SW2, ist der Gattung Rhodobacter zuzuordnen (siehe Seite 48; 24). Unter dem
Gesichtspunkt der Fe(m-Oxidation kann Stamm SW2 deshalb als nachster
physiologischer Verwandter der marinen Stiirrune NI und N2 betrachlel werden.
3 Physiologische CharakterisiernDg der Stamme Nt nDd N2
Die folgende Darstellung der physiologischen Charakterisierung der neu isolierten
marinen Stiirrune beriicksichligt mbgliche Vergleiche zu den bisher beschriebenen Arten
der Galtung Rhodovulum, beziehungsweise zu den bisher beschriebenen Fe(II)-
oxidierenden StiBwasserstiirrunen SW2 und L7.
In ihrer Morphologie und beztiglich ihrer photosynthelischen Pigmenle glichen die
Stiirrune Nl und N2 den bisher beschriebenen Arten der Galtung Rhodovulum (47, 48).
Die Zellen waren oval bis stabchenfbrmig und unbeweglich. Als photosynthetische
Pigmenle besaBen sie Bacteriochlorophyll a und Carotinoide der Spheroidin-Gruppe.
Beide Sliirrune waren mesophil und bevorzuglen pH-Werte im Neutralbereich. Des
weiteren war fur das optimale Wachstum der Stiirrune NI und N2 eine NaCI-
Konzentration von 25-50 gil erforderlich.
AIle bisher beschriebenen Arten der Gattung Rhodovlum kbnnen photoautotroph mit
Sulfid oder Thiosulfat als Elektronendonatoren wachsen (47, 48). Die Sliirrune N lund
N2 bilden dabei keine Ausnahme, denn beide Sliirrune konnten ebenfalls pholoautotroph
Sulfid oder Thiosulfat als Elektronendonatoren nutzen. Daneben wuchsen beide Stiirrune -
genau wie Rdv. sulfidophilum - auch mit molekularem Wasserstoff und elementarem
Schwefel. 1m Gegensatz dazu konnten weder Rdv. adrilJticum noch Rdv. euryhalinum
oder Rdv. sulfidophilum Fe(II) als Elektronendonator ftir phototrophes Wachstum
nutzen. Die Gemeinsarnkeiten und Unterschiede beztiglich der Verwertung lithotropher
Substrate sind tabellarisch auf Seite 50 zusammengefaBl.
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Genau wie die beschriebenen StiBwasserstiirrune SW2 und L7 konnten auch die
marinen Stiirrune N lund N2 Eisensulfid als Substral nutzen (24). Die StiBwasserstiirrune
konnten allerdings weder freies Sulfid noch elementaren Schwefel oder Thiosulfat ftir
photoautotrophes Wachstum nutzen.
Die Sliirrune Nlund N2 waren in der Lage, auch photoheterotroph mit einer Reihe von
organischen SulJstralen zu wachsen, beispielsweise mil Acetal, Lactat, Malat, Pyruval,
Succinat oder Hefeextrakt (siehe Seile 50). Beide Stiirrune konnten nicht fermentativ
wachsen, aber chemotroph Sauerstoff als Elektronenakzeptor nutzen. Eine Nutzung von
Fe(IIl) als Elektronenakzeplor, wie es ftir Rhodobacter capsularus beschrieben wurde
(21), konnle allerdings nicht beobachlel werden.
Schon in den Anreicherungen, aus welchen die Sliirrune N lund N2 isoliert wurden,
wurde das Bedtirfnis fur eine reduzierte Schwefelquelle beobachtet. An den Reinkulturen
konnte dieses Bedtirfnis genauer untersucht werden. Genauso wie Rdv. adrilJticum
vermochten die Stiirrune N lund N2 Thiosulfal, elementaren Schwefel, Sulfid oder
Cyslein als Schwefelquelle zu verwerten, nicht aber Sulfat oder Sulfil (64). Stamm N I
war daruber hinaus flihig, Cystein auch als Kohlenstoffquelle fur photoheterotrophes
Wachstum zu nutzen. Die Fahigkeit mit Cystein als Kohlenstoffquelle im Licht zu
wachsen wurde kiirzlich erstrnalig ftir einen Rdv.-sulfidophilum-ahnlichen Stamm,
SiCys, beschrieben (45). Stamm SiCys konnte allerdings genauso wenig wie Rdv.
sulfidophilum Fe(lI) als Elektronendonator fur photoautotrophes Wachstum nutzen (69).
Aufgrund von physiologischen und phylogenetischen Unterschieden wurden die
Stiirrune N lund N2 als neue Arten der Gattung Rhodovulum, namlich Rdv. iodosum
beziehungsweise Rdv. robiginosum, beschrieben (77).
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Teil II: Anaerobe Oxidation von Fe(II) durch
nitratreduzierende Bakterien
In anoxischen BOden und Sedimenten wird Fe(III) hauptsachlich durch die
Stoffwechselaktivitat von Mikroorganismen, die Fe(III) a1s Elektronenakzeptor nutzen, zu
Fe(II) reduziert (57, 63). Unter oxischen Bedingungen kann Fe(II) bei pH-Werten irn
Neutralbereich rasch durch Sauerstoff zu Fe(III) re-oxidiert werden (79). Des welleren
kann Fe(II) unter aeroben Bedingungen von acidophilen (5, 27) oder neutrophilen (28,
29,41) Mikroorganismen als Elektronendonator genutzt werden. .
Die Re-Oxidation von Fe(II) unter anoxischen Bedingungen kann ebenfalls cherrusch
erfolgen oder durch die Stoffwechselaktivitat von Mikroorganismen. Die chemische
anaerobe Oxidation von Fe(II) kann sowohl durch Mn(IV) erfolgen (62) a1s auch durch
Nitrat (12), Nitrit oder N,o (42, 60). Insbesondere ftir die chemische Oxidation von
Fe(II) durch Nitrat und N20 werden aIlerdings relativ hohe Konzentrationen an
Kupferionen - sie katalysieren die Reaktionen - benotigt. Aufgrund der medrigen
Kupferkonzentrationen in BOden und Sedimenten wird angenommen, daB dlese rem
chemischen Reaktionen dort keine maBgebliche Rolle spielen (12, 60). Die anaerobe
Nutzung von Fe(II) als Elektrondonator durch Mikroorganismen wurde erstrnalig fUr
phototrophe Purpurbakterien beschrieben (84). .
Die anaerobe Nutzung von Fe(II) a1s Elektronendonator durch phototrophe Baktenen
ist bioenergetisch plausibel. In Bicarbonat-gepufferten Systemen mit einem pH-Wert von
7 liegen Fe(II) und Fe(III) in der Fonn von FeC03, beziehungsweise Fe(OH)3 vor, und
zwar mit einem Redoxpotential von ungefiihr +0,1 V (siehe Seite 6; 33, 84). Da das
Redoxpotential der Photosysteme anoxygener phototropher Bakterien bei ungefahr +0,45
V liegt, kann Fe(Il) a1s Elektronendonator genutzt werden. Betrachtet man nun unter
denselben Bedingungen die Redoxpotentiale der Einzelreaktionen bei der Reduktion von
Nitrat zu N2 (E°'-Werte: N03'/N02', +0,43 V; N02'/NO, +0,35 V; NO/N,o, +1,18 V;
N,oIN2, + 1,35 V; 81), dann zeigt sich, daB die Redoxpotentiale aIler Redoxpaare
positiver sind a1s das Redoxpotential des Fe(II)/Fe(III)-Redoxpaares. Damn erglbt slch -
zumindest bioenergetisch - die Moglichkeit einer anaeroben Nutzung von Fe(Il) a1s
Elektronendonator durch Nitratreduzierer. Theoretisch sollte auch eine Kopplung de~
Fe(II)-Oxidation an die Reduktion von Nitrat zu Ammonium (mittlerer Ea'-Wert: N03
/NH + +0 36 V' berechnet aus liGo,_ Werten, siehe Referenz 81) moglich sein.4" ,
Neben diesen rein bioenergetischen Uberlegungen gab es Messungen von Fe- und
NO '-Profilen in marinen Sedimenten, welche die Spekulation tiber die Existenz einerNi~at-abhiingigen, anaeroben Oxidation von Fe(II) durch Mikroorganismen erlaubte (32,
51).
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Die Frage nach der Existenz von Nitratreduzierem, die Fe(II) unter anaeroben
Bedingungen als Elektronendonator nutzen konnen, stand am Anfang der folgenden
Untersuchungen. In deren Verlauf ergaben sich dann die weiteren Fragen nach dem
Vorkommen des neuen Stoffwechseltyps innerhalb verschiedener Bakteriengruppen und
nach der geographischen Verbreitung des Stoffwechseltyps und der Fe(m-oxidierenden
Nitratreduzierer, ( ie aus den Bremer Graben wiederholt isoliert werden konnten.
SchIiel3lich interessierte auch noch die Anzah! an Nitratreduzierem, die an einem Standort
zur anaeroben Oxidation von Fe(II) fahig waren.
1 Lithotrophe Anreicherungen mit Fe(II) als einzigem
Elektronendonator und Nitrat als Elektronenakzeptor
Zehn verschiedene Sedimentproben aus StiBwassergraben des Stadtgebiets von Bremen
wurden fur Anreicherungen eingesetzt. Ftir die Anreicherungen wurde StiBwassennedium
benutzt, dem 10 mM FeSO. a1s einzigem Elektronendonator, CO2 a1s Kohienstoffquelle
und 4 mM NaN03 a1s Elektronenakzeptor zugefugt wurde. Die Anreicherungen wurden
bei 15°C und 28°C im Dunkeln inkubiert. Nach ein bis zwei Wochen zeigten sich in allen
Anreicherungen rostig-orangefarbene Fe(III)-Prazipitate; dabei war die Oxidation von
Fe(II) bei 28°C schneller a1s bei 15°C. Von den Anreicherungen wurden aile ein bis zwei
Wochen Foigepassagen mit 5-10% Inokulum in frischem Fe(II)-haltigen Medium
angelegt. Die Folgepassagen aIler Anreicherungen kamen dauerhaft ohne zusatzliche
organische Kohienstoffquelle aus.
Mit 2,5% Inokulum aus der 20. Folgepassage einer solchen lithotrophen Anreicherung
wurde ein Wachstumsversuch durchgefuhrt, urn die Nitrat-abhiingige, anaerobe Oxidation
von Fe(II) durch Mikroorganismen quantitativ zu bestimmen. Innerhalb von funf Tagen
wurden 7,9 mM FeSO. oxidiert und 1,8 mM NaN03reduziert (siehe Seite 62). 1m Laufe
des Wachstumsversuchs kam es weder zu einer Bildung von Nitrit noch zur Bildung von
Ammonium, und das Endprodukt der Nitratreduktion war molekularer Stickstoff. Aus
den experimentell gewonnen Daten ergibt sich ein molares Verhiiltnis von oxidiertem
Fe(II) zu reduziertem Nitrat von 1:0,22. Darnit konnte Fe(ll) nach folgender
Stochiometrie oxidiert worden sein:
10 FeC03+ 2 NO; + 24 H,o ~ 10 Fe(OH)3 + N2+ 10 HCOJ' + 8 W
Eine Oxidation von Fe(Il) erfolgte weder in Nitrat-freien Kontrollen mit Inokulum
noch in Kontrollen mit pasteurisiertem Inokulum. AuBerdem fand in Fe(II)-freien
Kontrollen mit Inokulum keine Nitratreduktion stall.
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Des weiteren wurde in chemischen Kontrollen mit Nitrat (4 roM) oder Np (50 mill)
innerhalb von sechs Monaten keine Oxidation von Fe(II) beobachtet. 1m Gegensatz dazu
reagierte Nitrit (I, 2 oder 4 rnM) in chemischen Kontrollen mit Fe(II). Die Oxidation von
Fe(II) durch Nitrit begann relativ schnell. Ungeflihr I rnM Fe(II) wurde innerhalb der
ersten zw61f Stunden oxidiert. Danach scOOtt die Oxidation von Fe(II) nur noch relativ
langsarn fort. Nach 18tligiger Inkubation waren lediglich 3 rnM Fe(II) oxidiert. Die durch
die chemische Reaktion mit Nitrit gebildeten Fe(llI)-Prlizipitate unterschieden sich in
Farbe und Form charakteristisch von den Fe(Ill)-Prazipitaten, die irn Laufe der
biologischen Oxidation von Fe(I!) entstanden. Die durch die chemische Reaktion mit
Nitrit entstandenen Fe(Ill)-Prazipitate waren ttirkis- bis gelblich-grau genirbt, und sie
waren dariiber hinaus tiberwiegend amorph. Es konnten auBerdem geringe Spuren von
Lepidokrokit (y-FeOOH) nachgewiesen werden (43, 72). 1m Gegensatz dazu waren die
biologisch produzierten Fe(Ill)-Prazipitate rostig-orange genirbt, und sie besaBen eine
kristallisierte Struktur.
2 Isolierung von Fe(II)-oxidierenden Nitratreduzierern und
ihre rasche Differenzierung mittels DGGE
Aus verschiedenen Anreicherungen wurden tiber wiederholte Agarverdtinnungsreihen mit
Fe(ll) als Elektronendonator und Nitrat als Elektronenakzeptor insgesarnt 12 Isolate
gewonnen, die Fe(II) unter nitratreduzierenden Bedingungen oxidieren konnten. Eine
vollstlindige physiologische und phylogenetische Charakterisierung aller Stamme ware zu
zeit- und arbeitsaufwendig gewesen. Deshalb muBte unter den Stfunrnen eine Auswahl
getroffen werden. Ftir eine derartige Auswahl werden tiblicherweise die makroskopischen
und morphologischen Eigenschaften der Stamme herangezogen. A1lerdings sind diese
Eigenschaften nur von begrenzter Aussagefahigkeit und erlauben dariiber hinaus meist
keinerlei Rtickschltisse auf eine mtigliche phylogenetische DiversiHit innerhalb einer
Gruppe von neu isolierten Stammen (2, 83, 85). Da es sich bei der anaeroben Oxidation
von Fe(II) durch Nitratreduzierer um einen neuen Stoffwechseltyp handelte, war es
besonders interessant, phylogenetisch mtiglichst unterschiedliche Stamme fur eine
vollstlindige Charakterisierung auszuwlihlen.
Die denaturierende Gradientengelelektrophorese (DGGE) ist eine Methode, welche die
Auftrennung von 16S rDNA-Molektilen unterschiedlicher Sequenzen erlaubt (61). Durch
die DGGE ergeben sich fur verschiedene Organismen unterschiedliche Bandenmuster. Da
unterschiedliche 16S rRNA-Gensequenzen phylogenetische Unterschiede widerspiegeln
(85), sind mittels der DGGE Rtickschliisse auf die genetische Diversillit der untersuchten
Mikroorganismen mtiglich. Mit der DGGE ktinnen innerhalb relativ kurzer Zeit etliche
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Mikroorganismen parallel analysiert werden. Eine zuslitzliche schnelle phylogenetische
Einordnung von Mikroorganismen ist mit HiIfe der Hybridisierungstechniken mtiglich.
Bei den Hybridisierungstechniken werden Domlinen- und Gruppen-spezifische
Oligonucleotidsonden verwendet. Diese Oligonucleotidsonden sind mit
Fluoreszenzfarbstoffen markiert und binden spezifisch an rRNA-Molekiile.
1m Fall der (12 Fe(ll)-oxidierenden, nitratreduzierenden Stfunrne konnten
makroskopisch und morphologisch lediglich zwei Gruppen unterschieden werden. Zwei
Stlirnrne, niimlich BrG2 und BrGE, hatten k1eine Zellen (ungeflihr 1,5 x 0,6 11m) mit der
Form von leicht gebogenen Stlibchen. Auf aeroben Platten mit Komplexmedium bildeten
diese beiden Stfunrne dariiber hinaus nur sehr kleine, weiBe Kolonien. AIle anderen
Stamme hatten stabchenftirmige Zellen und bildeten groBe Kolonien auf aeroben Platten
mit Komplexmedium. Durch die molekularbiologische Analyse der 12 Stfunrne mittels
DGGE steHte sich dann aber heraus, daB die Stamme insgesarnt drei phylogenetisch
unterschiedlichen Gruppen zugeordnet werden konnten (siehe Seite 78). Die beiden
Stamme mit den k1einen, leicht gebogenen Stiibchen reprlisentierten tatslichlich eine
gemeinsarne Gruppe. Acht der zehn Stlirnrne (BrG I, BrG4-9, BrGL) mit
stlibchenftirmigen Zellen reprlisentierten eine weitere Gruppe und die Stfunrne BrG3 und
BrGA bildeten schlieBlich die dritte Gruppe.
Des weiteren zeigte sich mittels Hybridisierung, daB die beiden erstgenannten Gruppen
der neu isolierten Stamme zur Beta-Untergruppe der Proteobakterien gehtirten. Die dritte
Gruppe der neu isolierten Stammen konnte mittels Hybridisierung lediglich den
Eubakterien zugeordnet werden. Wie Berit E. E. Buchholz-Cleven dann irn weiteren
Verlauf der Untersuchungen zeigen konnte, hybridisierten die Zellen der Stfunrne BrG3
und BrGA aufgrund einer Fehlstelle innerhalb der 23S rRNA-Gensequenz nicht mit der
fUr die Garnma-Untergruppe der Proteobakterien spezifischen Oligonucleotidsonde.
Basierend auf den Ergebnissen der DGGE und der Hybridisierung wurden die Stlimme
BrG I, BrG2 und BrG3 als Reprlisentanten der drei verschiedenen Gruppen von Isolaten
fUr eine vollstlindige phylogenetische und physiologische Charakterisierung ausgewlihlt.
Das molekularbiologische AuswahIverfahren mittels DGGE und Hybridisierung wurde
als Methode formuliert (10) und auch zur Auswahl von neu isolierten dissililatorischen
Fe(III)-Reduzierer genutzt (76).
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3 Phylogenetische und physiologische Charakterisierung der
Stiimme BrGl, BrG2 und BrG3
4 Anzahl und Verbreitung Fe(II)-oxidierender
Nitratreduzierer
Der phylogenetische Unterschied der Stiimme BrG I, BrG2 und BrG3, welcher sich
schon in der DGGE gezeigt hatte, wurde durch den Vergleich der 16S rRNA-
Gensequenzen besUitigt. Alle drei Stiimme vertreten unterschiedliche, neue Arten, und
keiner der Stiimme konnte daruber hinaus einer schon beschriebenen Gattung zugeordnet
werden. Die Stiimme BrG lund BrG2 reprasentierten neue Gattungen innerhalb der Beta-
Untergruppe der Proteobakterien, wiihrend Stamm BrG3 eine neue Gattung innerhalb der
Gamma-Untergruppe der Proteobakterien bildete (siehe Seite 80).
Alle drei Stiimme konnten neben Nitrat, Nitrit und Np Sauerstoff als
Elektronenakzeptor nutzen. Keiner der Stiimme konnte Fe(Ill) dissimilatorisch
reduzieren. Alle Stiimme waren in der Lage mit einer Reihe von organischen Substraten
zu wachsen. Allerdings waren Acetat und Pyruvat die beiden einzigen organischen
Substrate, die von allen drei Stiimmen verwertet werden konnten. Die SUbstratspektren
der drei Stiimme unterschieden sich namlich deutlich voneinander. Nur Stamm BrG I
wuchs beispielsweise auch mit Lactat, Citrat oder A1anin; nur Stamm BrG2 konnte nicht
mit Hefeextrakt wachsen und schlieBlich konnte nur Stamm BrG3 auch Glucose und
Maltose verwerten (73, 78). Das Endprodukt der Nitratreduktion war bei allen drei
Stiimmen molekularer Stickstoff. Nitrat konnte daruber hinaus von den Stiimmen BrG I
und BrG2 als Stickstoffquelle genutzt werden, wiihrend Stamm BrG3 auf Ammonium im
Medium angewiesen war. Alle Stiimme waren mesophil, bevorzugten pH-Werte im
Neutralbereich und tolerierten nur geringe NaCI-Konzentrationen (10-15 gil) im Medium.
Alle Stiimme wurden aus strikt Iithotrophen Anreicherungen mit Fe(II) und Nitrat
isoliert. Trotzdem konnte keiner der isolierten Stiimme Fe(II) in demse1ben AusmaB und
derselben Geschwindigkeit oxidieren, wie es flir die Anreicherung beschrieben wurde.
Alle drei Stiimme waren nicht in der Lage, lithotroph mit Fe(II) zu wachsen. Sie
benotigten ausnahmslos ein zusatzliches, organisches Substrat, beispielsweise 0,5 mM
Acetal. Die Oxidation von 10 mM FeSO. erfolgte dann innerhalb von ungefahr zwei
Wochen.
1m tibrigen benotigte auch der Stamm HidR2, welcher von Marcus Benz aus einer
Fe(Il)-oxidierenden, nitratreduzierenden Brakwasseranreicherung isoliert wurde, zum
Wachstum mit Fe(ll) ein zusatzliches organisches Substrat.
Eine detaillierte physiologische Beschreibung der Stiimme BrG I, BrG2 und BrG3
wird vorbereitet (78).
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Die Moglichkeit, bestimmte Mikroorganismen aus Probenmaterial von einem Standort
anzureichem und zu isolieren, erlaubt nur eine Aussage tiber die Anwesenheit der
betreffenden MikoQfganismen, ermoglicht aber keinerlei RtickscWtisse auf ihre AnzaW am
ursprtinglichen Standort. Zumindest theoretisch ist schon eine einzelne Zelle flir eine
Anreicherung ausreichend. AuBerdem selektionieren Anreicherungen typischerweise ftir
die unter Laborbedingungen schnell wachsenden Mikroorganismen. Diese schnell
wachsenden Mikroorganismen mtissen dabei aber nicht unbedingt zu der numerisch
vorherrschende Population am Standort gehOren (22, 82). In einer frtiheren
Untersuchung konnte gezeigt werden, daB tiber eine Ausverdtinnung des Probenmaterials
numerisch dominante Bakterien isoliert werden konnten die unter
Anreicherungsbedingungen nicht so schnell wuchsen und' deshalb in
Anreicherungskulturen von schneller wachsenden Populationen verdriingt wurden (82).
Die AnzaW von Mikroorganismen eines bestimmten Stoffwechseltyps im Probenmaterial
kann mit Hilfe von Most-Probable-Number (MPN)-Verdtinnungsreihen abgeschatzt
werden. Dabei wird das Probenrnaterial schrittweise in einem geeigneten Medium
ausverdtinnt (74).
lnformationen tiber die Anzahl und die geographische Verbreitung von Fe(II)-
oXldlerenden Nitratreduzierem konnen tiber die erwiihnten mikrobiologischen Methoden
also Anreicherungen und MPN-Verdtinnungsreihen, erhalten werden. Da aber auc~
Anzahl und Verbreitung der aus den Bremer Graben wiederholt isolierten Nitratreduzierer
vom Typ der SUimme BrG I, BrG2 und BrG3 interessierten, wurden Anreicherungen und
MPN-Verdtinnungsreihen zusatzlich mit molekularen Techniken analysiert. Ftir die
molekularen Analysen wurcle die DOGE mit der Hybridisierungstechnik verkntipft. Die
durch die DGGE aufgetrennten 16S rDNA-Molekiile wurden auf eine Nylonmembran
transferiert und dann mit spezifischen Oligonucleotidsonden hybridisiert. In einer
vorangegangenen Studie (9) wurde die Entwicklung von drei Oligonucleotidsonden
beschrieben, welche spezifisch mit den Stiimmen BrG I, BrG2 und BrG3 reagierten. Des
welleren wurde in dieser Studie gezeigt, daB der direkte molekulare Nachweis der drei
Stiimme mittels in situ Hybridisierung in Probenmaterial aus den Bremer Graben nicht
moglich war - ein weiterer Grund flir die Kombination mikrobiologischer Methoden mit
molekularbiologischen Techniken.
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Bei den folgenden Untersuchungen basiert der Nachweis von BrI-, BrG2- oder BrG3-
ahnlichen Bakterien in Anreicherungen und MPN-Verdiinnungsreihen auf drei Kriterien:
Erstens auf der metabolischen Fahigkeit Fe(II) unter nitratreduzierenden Bedingungen als
Elektronendonator nutzen zu konnen; zweitens auf dem Bandenmuster bei der DGGE und
drittens auf der Hybridisierung mit einer spezifischen Oligonucleotidsonde.
4.1 Anreicherungen mit acht verschiedenen Sedimentproben
Acht Sedimentproben aus verschiedensten Regionen DeutscWands (siehe Seite 98)
wurden als Inokulum fUr Anreicherungen verwendet. Bis auf die Probe vom Bodensee
starnmten aile Proben aus SiiBwassergriiben, k1einen Tiimpeln oder Biichen; eine der
Proben starnmte wieder aus den Bremer Griiben. Fiir die Anreicherungen wurde
SiiBwassermedium verwendet, dem 10 mM FeSO. als einzigem Elektronendonator und
Nitrat als Elektronenakzeptor zugefUgt wurde. In einer friiheren Studie wurde gezeigt,
daB unter diesen Bedingungen wiederholt BrG 1-, BrG2- und BrG3-iihnliche Bakterien
angereichert und isoliert werden konnen (10).
In allen Anreicherungen wurde eine Oxidation von Fe(II) innerhalb von zwei Wochen
beobachtet. Daraufhin wurden von allen Anreicherungen Passagen mit 5-10% Inokulum
in frischem Fe(II)-haltigem Medium angelegt. In Abstanden von ein bis zwei Wochen
wurden die Anreicherungen in neues Medium iibertragen. Ab der vierten Folgepassage
kam es allerdings in sieben der acht Anreicherungen nur noch dann zu einer Oxidation
von Fe(II), wenn dem Medium ein zusiitzliches organisches Substrat, beispielsweise 0,5
mM Acetat, zugefiigt wurde. Dieser Befund gleicht den Beobachtungen, die mit den
Stiinunen BrG I, BrG2 und BrG3 gemacht wurden. Lediglich die Anreicherung, welche
mit Probenmaterial aus den Bremer Giiben inokuliert wurde, oxidierte Fe(II) in allen
Folgekulturen unter lithotrophen Bedingungen, kam also dauerhaft ohne eine zusiitzliche
organische KoWenstoffquelle aus. Die Oxidation von Fe(I1) erfolgte dabei mit der
gleichen Geschwindigkeit und in demselben AusmaB, wie in der urspriinglich
beschriebenen Anreicherung (73). In keiner Anreicherungskultur wurde eine Bildung von
Ammonium beobachtet
Die zehnte Folgepassage jeder der acht Anreicherungen wurde mit Hilfe molekularer
Techniken analysiert. Dazu wurde jeweils die genomische DNA wiihrend der
exponentiellen Phase der Fe(II)-Oxidation extrahiert. Die 16S rRNA-Gensequenzen
wurden minels PCR amplifiziert und iiber die DGGE aufgetrennt. ScWieBlich erfolgte
noch die Hybridisierung der Banden mit den drei Oligonucleotidsonden, welche
spezifisch fiir die Stiimrne BrG I, BrG2 und BrG3 entwickelt worden waren.
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In jeder Anreicherung konnten Bakterien nachgewiesen werden, die aufgrund der drei
genannten Kriterien (Stoffwechseltyp, DGGE-Bandenmuster und Hybridisierung) den
Stammen BrG I, BrG2 oder BrG3 zuzurechnen waren. 1m einzelnen wurden BrG 1_
iihnJiche Bakterien in drei, BrG2-iihnliche Bakterien in zwei und BrG3-iihnliche Bakterien
10 sechs Anreicherungen nachgewiesen. Einzig in der Bremer Artreicherung wurden
Baktenen alleJ'drei Typen nachgewiesen. Eine tabellarische Darstellung dieser Ergebnisse
findet sich auf Seite 98.
4.2 MPN.Verdiinnungsreihen mit Sedimentproben von vier
verschiedenen europaischen Standorten
Aufgrund der Beobachtungen an der lithotrophen Fe(II)-oxidierenden Artreicherung und
an den daraus isolierten mixotroph Fe(lI)-oxidierenden Stiimrnen BrG I, BrG2 und BrG3
wurden MPN-Verdiinnungsreihen zur Quantifizierung von Fe(II)-oxidierenden
Nitratreduzierern in zwei verschiedenen Ansiitzen ausgeflihrt. Fiir lithotrophe MPN-
Verdiinnungsreihen enthielt das Medium 10 mM FeSO. als einzigen Elektronendonator
und 4 mM NaNO} als Elektronenakzeptor, wiihrend fUr mixotrophe MPN-
Verdiinnungsreihen dem Medium auBerdem D,S mM Acetat als zusiitzliches organisches
Substrat .zugefiigt wurde. Bei der Unterscheidung dieser beiden Ansiitze muB allerdings
eme (naturhche) Emschriinkung bei den lithotrophen Ansiitze berucksichtigt werden, da
em Emtrag von organischem Material iiber die eingesetzten Sedimentproben moglich war.
Parallel wurden MPN-Verdiinnungsreihen mit 2,5 mM Acetat und 5 mM NaNO
angelegt. Da die meisten bekannten Nitratreduzierer in der Lage sind, Acetat ~
verwerten, sollte damit die GroBe der nitratreduzierenden Populationen abgeschiitzt
werden. SchlieBlich wurden auch noch die GesamtzellzaWen in den verschiedenen
Sedimentproben bestimrnt.
Als Inokulum fUr die MPN-Verdiinnungsreihen wurden Sedimentproben von vier
verschiedenen europiiischen Standorten verwendet. Beprobt wurde ein Bremer Graben
(Norddeutschland), ein Tiimpel in Tiibingen (Siiddeutschland), ein SiiBwassergraben bei
Carpi (Nordllahen) und ein Bach in der Niihe von Perpignan (Siidfrankreich).
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Quantitative Ergebnisse. In jeder Sedimentprobe fanden sich Fe(Il)-oxidierende
Nitratreduzierer. Dabei unterschied sich jeweils die Anzahl an lithotroph oder mixotroph
Fe(II)-oxidierenden Nitratreduzieren deutlich. Die Anzahl der lithotroph Fe(Il)-
oxidierenden Nitratreduzierer lag zwischen 5,5 x 102 und 1,3 x 10' pro g Trockenmasse
Sediment. Am Standort Carpi konnten allerdings keine lithotroph Fe(II)-oxidierenden
Nitratreduzierer nachgewiesen werden. Die Anzahl der mixotroph Fe(m-oxidierenden




1m direkten Vergleich lagen die Zahlen der mixotroph Fe(II)-oxidierenden
Nitratreduzierer zwischen 102_ und IO'-mal hbher als die Zahlen der lithotroph Fe(II)-
oxidierenden Nitratreduzierer (siehe Seite 103). Damit scheint die mixotrophe Oxidation
von Fe(II) der haufigere Stoffwechseltyp zu sein.
Des weiteren wurden die Zahlen der Fe(II)-oxidierenden Nitratreduzierer mit der
Anzahl an Acetat-oxidierenden Nitratreduzierem verglichen. Dabei stellte sich heraus, daB
bestenfalls 0,8% der Nitratreduzierer, welche Acetat verwerten konnten, auch Fe(II)
oxidierten. Zur Gesamtzellpopulation in den verschiedenen Sedimentproben trugen die
lithotroph Fe(II)-oxidierenden Nitratreduzierer weniger als 0,000 I % und die mixotroph
Fe(II)-oxidierenden Nitratreduzierer zwischen 0,004% und 0,04% bei.
Versuche, aus den lithotrophen MPN-VerdUnnungsreihen lithotroph Fe(II)-
oxidierende Nitratreduzierer zu isolieren, scheiterten. FUr diesen Befund gibt es zwei
mbgliche Erklarungen. Entweder ermbglichte organisches Material, welches mit dem
Inokulum eingetragen war, mixotroph Fe(II)-oxidierenden Nitratreduzierem auch in den
lithotroph angelegten MPN-VerdUnnungsreihen die Oxidation von Fe(II), oder fUr die
beobachtete Fe(ll)-Oxidation waren lithotrophe Nitratreduzierer verantwortlich, welche
aber nicht dauerhaft im Labor kultiviert werden konnten.
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Qualitative Ergebnisse. Einzelne Rbhrchen aus den MPN-VerdUnnungsreihen, in
welchen eme Oxidation von Fe(II) stattgefunden hatte, wurden mittels molekularer
Techniken analysiert, wie es fUr die Anreicherungskulturen unter 4.1 beschrieben ist.
Insgesamt wurden 85 Rbhrchen analysiert, namlich 20 Rbhrchen aus lithotrophen und 65
Rohrchen aus mixotrophen MPN-VerdUnnungsreihen mit Fe(II).
. BrGl-ahnli~ e Bakterien konnten dabei in MPN-Rbhrchen nachgewiesen werden, die
!IlIt Probenmaterial aus Bremen und TUbingen inokuliert worden waren. BrGl-ahnIiche
Bakterien wurden wiederholt in Rbhrchen der VerdUnnungsstufen 10.3 und 10-'
gefunden, nicht aber in hbheren VerdUnnungsstufen. Die Anzahl an BrGl-ahnlichen
Bakterien konnte fur die Standorte Bremen und TUbingen auf 6 3 x 10' be . h ., ' zle ungswelse
3,2 x 10- pro g Trockenmasse Sediment geschatzt werden.
In MPN-VerdUnnungsreihen, die mit Probenmaterial aus Bremen, TUbingen und
Pe - be' frptgnan Imp t worden waren, wurden wiederholt BrG2-ahnliche Bakterien
nachgewiesen. Ihre Anzahllag dabei zwischen 1,7 und 6,3 x 103 pro g Trockenmasse
Sediment. ScWieBlich wurden BrG3-ahnliche Bakterien I'n MPN V d" 'h
. . - er unnungsrel en
nachgewlesen, die mit Probenmaterial aus TUbingen und Perpignan inokuliert worden
waren..~llerdings konnten BrG3-ahnliche Bakterien nur vereinzelt in insgesamt lediglich
drel ~ohrchen nachgewiesen werden. Ihre Anzahl konnte deshalb nur auGerst grob
geschatzt werden, namJich auf 102 Zellen pro g Trockenmasse Sediment. Eine
Ubersichtliche Darstellung dieser Ergebnisse findet sich auf Seite 106.
AbschlieBend laBt sich sagen, daB BrG 1-, BrG2- und BrG3-ahnliche Bakterien
zusa.mmen maximal 0,2% der Fe(II)-oxidierenden, nitratreduzierenden Populationen
reprasentJerten. Darliber hinaus konnten sie nicht in den hbchsten VerdUnnungsstufen der
MPN-VerdUnnungsreihen nachgewiesen werden, in welchen noch eine Oxidation von
Fe(II) beobachtet wurde. Das heiBt, daB es zahlenmaBig haufiger vorkommende noch
nicht identifizierte Nitratreduzierer gibt, die Fe(II) anaerob oxidieren kbnnen (75). '
In dlesem Zusammenhang ist erwahnenswert, daB neben den neu isolierten Stammen
auch je ein Stamm von Pseudomonas stutzeri (ATCC 14405) und Thiobacillus
denitrificans (ATCC 25259) in der Lage war, Fe(II) unter nitratreduzierenden
Bedingungen zu oxidieren (73).
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Die dissimilalorische Reduktion von Fe(Ill)-Oxiden spielt eine wichtige Rolle bei der
Kohlensloffmin~eralisierung, nicht nur an marinen Standorten sondern auch in
SUl3wassersedfmenten (I, 15, 56, 63). In den letzten Jahren wurde eine Reihe von
Mikroorganismen aus unterschiedlichsten phylogenelischen Gruppen isoliert, die Fe(I1I)
als terminalen Elektronenakzeplor nutzen konnen (beispielsweise 13, 17,37,58,68, 7 I).
Sehr h~iufig wurde und wird fUr Untersuchungen an dissimilatorischen Fe(nI)-
Reduzlerern nallirliches oder synlhetisch hergestelltes Ferrihydril als Elektronenakzeplor
verwendet.
Ferrihydrit isl eines der 16 verschiedenen Fe(III)-Oxide, -Hydroxide oder
-Oxihydroxide, die heute bekannl sind (19). Es isl ein rol-braunes Fe(IIl)-MineraI, das
hiiufig an der Oberflache von Sedimenlen vorkommt (19). Ferrihydrit kann an
aquatischen Standorten mit pH-Werten im Neutralbereich durch die abiolische Oxidation
von Fe(I!) mil Sauerstoff entstehen, oder es kann durch die Aktivi@ von aeroben
Mikroorganismen, beispielsweise Galliollella oder Leplhotrix, gebildet werden (70). Die
Knstallstruktur von Ferrihydrit iSI nur schlecht geordnet und bezUglich der Kristallstuklur
konnen verschiedene Ferrihydrilvarianten unterschieden werden. Nach ihren
Beugungsmustern benannt, slellen 2-Linien- und 6-Linien-Ferrihydrit die beiden Extreme
der Ferrihydrilvarianten dar: 6-Linien-Ferrihydril besitzt die am besten geordnete und
2-Linien-Ferrihydrit die am schlechlesten geordnele Kristallstruklur (19). Wahrend die
chemische Formelund die Krislallslruklur des 6-Linien-Ferrihydril inzwischen aufgekJart
zu sein scheinen, gibl es noch keine verJaBlichen Aussagen Uber die chemische Formel
und Kristallstruktur des 2-Linien-Ferrihydrit. Da~ Beugungsmuster des 2-Linien-
Ferrihydril zeigt typischerweise zwei relativ breite Linien, die RUckschlUsse auf die
chemische Formel und die Kristallstruktur eJ'scllweren (19) D "b I'. .. aru er 1ll1aUS wird
di.skutiert, daB die Kristallstruktur des 2-Linien-Ferrihydrit womoglich vom
Bildungsprozel3 abhangl, und ob der Begriff eine Reihe von verschiedenen Fe(III)-
M1I1eraien umfal3t (19, 23, 36). Insbesondere aber durch die Kristallstruktur werden
mal3gebliche Eigenschaften der Fe(IIl)-Oxide, wie beispielsweise die Reaktivitat und
Loslichkeil, beslimmt.




Neben Nitratreduzierem konnen auch anoxygene phototrophe Bakterien Fe(II) als
Elektronendonator nutzen (25, 77, 84). Es wurden MPN-VerdUnnungsreihen fUr
phototroph Fe(II)-oxidierende und phototroph Acetat-oxidierende Bakterien angelegt, urn
diese Zahlen mil denen der Fe(II)-oxidierenden, nitratreduzierenden Populationen
vergleichen zu konnen. Als Inokulum dienten Sedimenlproben aus Bremen und
TUbingen. Pro g Trockenmasse Sediment wurden fur die Slandorte Bremen und
TUbingen 3,9 x 103 beziehungsweise 1,1 x 102 phototrophe Fe(Il)-Oxidierer geziihlt.
Gemessen an der Acetat-oxidierenden phototrophen Population entsprachen diese Zahlen
0,01 % beziehungsweise 0,04%. Ahnliche Ergebnisse wurden mit einer Probe aus einem
SUBwassergraben bei Bochum und mit drei marinen Sedimenlproben yom Jadebusen
(Nordsee, Deutschland) erzielt.
Die Ergebnisse lassen vermuten, daB sowohl unter den Nitratreduzierem als auch unter
den phototrophen Bakterien, die Arten, die Fe(II) anaerob als Elektronendonator nutzen
konnen, an den untersuchten Standorten nur einen verhaitnismaBig kleinen Anteil
ausmachen.
4.3 Vergleich mit der Anzahl phototropher Fe(II)-
oxidierender Bakterien
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Aus den SiiBwasseranreicherungen mit dem biologisch produzierten Ferrihydrit als
Elektronenakzeptor wurde iiber wiederholte Agarverdiinnungsreihen mit 10 mM Fumarat
als altemativem Elektronenakzeptor eine Reihe von Isolaten gewonnen. Eine vollstandige
physiologische und phylogenetische Charakterisierung aller Isolate ware zu zeit- und
arbeitsaufwendig gewesen. Deshalb wurden die Isolate - analog wie fiir die Fe(II)-
oxidierenden Nitratreduzierer detailliert beschrieben (10) - mittels der denaturierenden
Gradientengelelektrophorese (DGGE) auf mogliche phylogenetische Unterschiede
untersucht. Die beiden Stamme Dfrl und Dfr2 reprasentierten zwei unterschiedliche
DGGE-Typen und wurden deshalb fiir eine detaillierte physiologische und
phylogenetische Charakterisierung ausgewahlt.
Der phylogenetische Unterschied der beiden Silirnme Dfrl und Dfr2, welcher sich
schon in der DGGE gezeigt hatte, wurde durch den Vergleich der 16S rRNA-
Gensequenzen bestatigt. Die Ahnlichkeit der 16S rRNA-Gensequenzen von Starnrn Dfrl
und Stamm Dfr2 lag lediglich bei 92,5%. Dabei waren beide neu isolierten Stamme mit
anderen Bakterienarten der Familie Geobacteraceae, welche zur Delta-Untergruppe der
Proteobakterien gehoren, verwandt (55).
Isolierung und phylogenetische Charakterisierung der
Starnme Dfrl und Dfr2
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In Folgepassagen und in Wachstumsversuchen mit den aus den Anreicherungen
gewonnen Isolaten erfolgte die vollstiindige Reduktion des Ferrihydrits zu Fe(II) sogar
innerhalb von drei Tagen (siehe Seite 128). Am Ende der Wachsturnsversuche mit dem
biologisch produzierten Ferrihydrit als Elektronenakzeptor hatten sich die pH-Werte der
Medien von 7,0 auf 7,5 erhoht. Eine Bildung von Magnetit wurde dabei in keinem Fall
beobachtet. Diese; Befund steht im Einklang mit therrnodynarnischen Daten, wonach es
zur bevorzugten Bildung von Magnetit erst bei hoheren pH-Werten kornmt (3).
Des weiteren konnte das biologisch produzierte Ferrihydrit auch von Geobacter
metallireducens und Shewanella putrefaciens als Elektronenakzeptor genutzt werden.
Auch bei diesen Versuchen wurde kein Magnetit gebildet, sondem das Ferrihydrit wurde
vollstandig zu Fe(II) reduziert. Da sich das anaerob biologisch produzierte Ferrihydrit
tatsachlich als Elektronenakzeptor fiir dissimilatorische Fe(lll)-reduzierende Bakterien
eignet, ergibt sich damit die Moglichkeit eines mikrobiologisch katalysierten, anaeroben
Kreislaufs des Eisens in SiiBwassersedimenten. Zudem konnte im Labor bei Versuchen
mit gemischten Population aus Fe(II)-oxidierenden Nitratreduzierem und Fe(lll)-
Reduzierem ein anaerober Eisenkreislauf gezeigt werden (II).
2 Eignung des biologisch produzierten Ferrihydrit als
Elektronenakzeptor
Die Eignung des biologisch produzierten Ferrihydrits als Elektronenakzeptor wurde in
Anreicherungskulturen und Reinkulturen getestet. Sedimentproben aus Bremer Graben
wurden als Inokulum fUr Anreicherungskulturen verwendet. Die Proben stamrnten dabei
von denselben Standorten, aus denen auch wiederholt die Fe(ll)-oxidierenden
Nitratreduzierer isoliert worden waren (10, 73). Fiir die Anreicherungen wurde
SiiBwasserrnedium verwendet, dem 10 mM biologisch produziertes Ferrihydrit als
Elektronenakzeptor und Acetat oder Benzoat als Elektronendonator und Kohlenstoffquelle
zugefugt wurden. In allen Anreicherungen kam es innerhalb von 18 Tagen zu einer
vollstandigen Reduktion des zugefiigten Ferrihydrits.
Die orange-braunen Fe(Ill)-Prazipitate, die durch die metabolische Aktiviilit von Fe(II)-
oxidierenden Nitratreduzierem sowohl in Anreicherungen als auch in Reinkulturen
gebildet wurden, wurden mittels Transmissionselektronenmikroskopie und
Elektronenbeugungsanalyse untersucht. Die Kristalle des biologisch produzierten Fe(lll)
waren mit einer GroBe von 1-2 nm relativ klein (siehe Seite 121). Anhand der beiden
charakteristisch breiten Beugungslinien bei 0,15 nm und 0,25 nm konnten die Fe(Ill)-
Priizipitate als schlecht kristallisiertes 2-Linien-Ferrihydrit identifiziert werden. Darnit
wurde gezeigt, daB durch die Aktiviilit von Nitratreduzierem auch unter anoxischen
Bedingungen Fe(ll) zu Ferrihydrit oxidiert werden kann.
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1 Beschreibung und Identifizierung des biologisch
produzierten Fe(III)-Oxids
Mesophile Nitratreduzierer aus SiiBwassersediment konnten unter anoxischen
Bedingungen Fe(ll) als Elektronendonator nutzen (73). Dabei wurde ein orange-braunes
Fe(III)-Priizipitat gebildet. Dieses biologisch produzierte Fe(III)-Prazipitat sollte
identifiziert und charakterisiert werden. AuBerdem wurde es auf seine Eignung als
Elektronenakzeptor fur dissimilatorische Fe(llI)-Reduzierer getestet. Die Reduzierbarkeit
des anaerob durch Nitratreduzierer gebildeten Fe(Ill) durch dissimilatorische Fe(Ill)-
Reduzierer eroffnet die Moglichkeit eines anaeroben, mikrobiellen Kreislauf des Eisens.
1m Laufe der Untersuchungen wurden dariiber hinaus zwei neue Fe(lll)-reduzierende
Arlen der Gattung Geobacter isoliert und charakterisiert.
29
Die Substratspektren der beiden Stlimme unterschieden sich voneinander und
unterschieden sich dartiber hinaus auch deutlich von den Substratspektren ihrer nachsten
Verwandt iiml· h G .
. en, n IC . chapellel, G. metallireducens und G. sulfurreducens. Die
Gememsarnkeiten und Unterschiede beztiglich der Verwertung von Substraten sind
tabeIJarisch auf Seite 127 zusammengefaBt.
Die Starnme, "Dfr! und Dfr2 waren beide in der Lage mit Fumarat oder Malat a1s
einzigem Substrat zu wachsen.
Reduktion von Akaganeit (I3·FeOOH) durch Stamm Dfr25
Untersuchungen mit Anreicherungskulturen legen die Vermutung nahe, daB
dlsslffillatonsch Fe(ill)-reduzierende Mikroorganismen bevorzugt schwach kristaIlisierte
Fe(lII)-Oxide, wie beispielsweise Ferrihydrit, als Elektronenakzeptor nutzen (65). An
Remkulturen mit Bakterienarten der Gattung Shewanella konnte a11erdings inzwischen
demonstnert werden, daB auch gut kristallisierte Fe(III)-Oxide, niimlich Goethit (a-
FeOOH; 67)und Magnetit (Fep.; 53), als Elektronenakzeptoren genutzt werden kbnnen.
Daruber hmaus wurde auch die Reduktion von Akaganeit (p-FeOOH) in einer
SuBwasseranreicherung beschrieben. Weder G. metallireducens noch die Stamme Dfr!
~nd Dfr2 konnten in Wachstumsversuchen Goethit oder Magnetit reduzieren. Stamm Dfr2
onnte Jedoch - 1m Gegensatz zu G. metallireducens und Stamm Dfr I - mit Akaganeit a1s
Elektronenakzeptor wachsen. Die Reduktion von Akaganeit durch Stamm Dfr2 war zwar
deutltch Jangsamer a1s die Reduktion von Ferrihydrit durch Stamm Dfr2, konnte aber
wIederholT beobachtet werden (siehe Seite 129).
Aufgrund der physiologischen und phylogenetischen Unterschiede wurden dJ'e
St" Df
arnme rl und Dfr? a1s neue Arten der Gattung Geobacter, niimlich a1s G.
bremenensis und G. aggregans, beschrieben (76).
In der Morphologie ihrer Zellen unterschieden sich die beiden Stlimme Dfr! und Dfr2 von
den bisher beschriebenen, stabchenfbrrnigen Arten der Gattung Geobacter (14, 18, 59).
Die Zellen der beiden neu isolierten Stamme hatten die Form von leicht gebogenen
Stabchen. Dabei war die tiberwiegende AnzahI (ungefahr 95%) der Zellen beider
Stammen unbeweglich. AuBerdem waren beide Stamme mesophil und bevorzugen pH-
Werte im Neutralbereich. Die Stamme Dfrl und Dfr2 wurden aus StiBwassersedimenten
isoliert, und tatsacWich wuchsen beide Stamme auch nur bei geringen NaCl-
Konzentrationen, namlich bei $10 gil beziehungsweise $5 gil NaCI.
Neben dem biologisch produzierten Ferrihydrit konnten die beiden neu isolierten
Stamme auch Mn(IV), So, Fumarat oder Malat in Wachstumsversuchen a1s
Elektronenakzeptoren nutzen.
A1s Elektronendonatoren konnten die Stlimme Dfr! und Dfr2 eine Reihe von
organischen Substraten verwerten, so beispielsweise Acetat, Propionat, Pyruvat, Fumarat
und Ethanol. Neben den organischen Substraten konnten beide Stamme auch molekularen
Wasserstoff oxidieren. Wachstum mit molekularem Wasserstoff wurde allerdings nicht
beobachtet; die Stamme Dfr! und Dfr2 schienen auf eine organische KoWenstoffquelle
angewiesen zu sein.
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4 Physiologische Charakterisierung der Stamme
Dfrl und Dfr2
Innerhalb der Familie der Geobacteraceae unterscheidet man zwei Abstammungslinien,
niimlich die Desulfuromonas- und die Geobacter-Gruppe (55). Die Ahniichkeiten der 16S
rRNA-Gensequenzen der Stamme Dfr! und Dfr2 mit denen anderer Arten der Gattung
Geobacter waren dabei am htichsten und lagen im Bereich von 92,3% bis 93,7%. Am
niihesten waren die Stamme Dfrl und Dfr2 mit G. sulfurreducens beziehungsweise G.
sulfurreducens und G. chapelleii verwandt (siehe Seite 123).
Bei der Beschreibung der Geobacter- und Desulfuromonas-Gruppe innerhalb der
Familie Geobacteraceae wurde von Lonergan et a1. (55) aufgezeigt, daB sich die beiden
Gruppen durch spezifische Nucleotide an bestimmten Positionen innerhalb der 16S
rRNA-Gensequenzen und aufgrund spezifischer Sekundarstrukturen der 16S rRNA-
Molektile unterscheiden lassen. Eine derart eindeutige Zuordnung der Stamme Dfrl und
Dfr2 zur Geobacter- oder Desulfuromas-Gruppe war nicht mbglich. Ein Vergleich der
spezifischen Nucleotide und 16S rRNA-Sekundarstrukturen findet sich auf den Seiten
124 beziehungsweisel25.
C Literaturverzeichnis
I. Aller, R. C., J. E. Mackin, and R. T. Cox Jr. 1986. Diagenesis of Fe and
S in Arnazonan inner shelf muds: apparent dominance of Fe reduction and
implications for the genesis of ironstones. Continental Shelf Res. 6:263-289.
2. Amann, R. I., C. Lin, R. Key, L. Montgomery, and D. A. Stahl.
1992. Diversity among Fibrobacter isolates: towards a phylogenetic classification.
System. Appl. Microbiol. 15:23-31.
3. Bell, P. E., A. L. Mills, and J. S. Herman. 1987. Biogeochemical
conditions favoring magnetite formation during anaerobic iron reduction. Appl.
Environ. Microbiol. 53:2610-2616.
4. Bigham, J. M., U. Schwertmann, L. Carlson, and E. Murad. 1990. A
poorly crystallized oxyhydroxysulfate of iron formed by bacterial oxidation of
Fe(I1) in acid mine waters. Geochim. Cosmochim. Acta. 54:2743-2758.
5. Blake, R. C. I., E. A. Shute, M. M. Greenwood, G. H. Spencer,
and W. J. Ingledew. 1993. Enzymes of aerobic respiration on iron. FEMS
Microbiol. Rev. 11:9-18.
6. Blake, R. C. I., E. A. Shute, and K. J. White. 1989. Enzymology of
respiratory iron oxidation, p. 391-401. In J. Salley, R. G. L. McCready, and P. L.
Wichlacz (ed.), Biohydrometallurgy. CANMET, Ontario.
7. Blake, R. I., E. A. Shute, J. Waskovsky, and A. P. J. Harrison.
1992. Respiratory components in acidophilic bacteria that respire on iron.
Geomicrobiology Journal. 10: 173-192.
8. Blakemore, R. P. 1982. Magnetotactic bacteria. Annu. Rev. Microbiol. 36:217-
238.
9. Buchholz-Cleven, B. E. E., and B. Rattunde. Detection of anaerobic
Fe(II)-oxidizing bacteria in sediments and enrichment cultures using specific
oligonucleotide probes. Appl. Environ. Microbiol. Eingereicht.
10. Buchholz-Cleven, B. E. E., B. Rattunde, and K. L. Straub. 1997.
Screening for genetic diversity of isolates of anaerobic Fe(II)-oxidizing bacteria
using DGGE and whole-cell hybridization. System. Appl. Microbiol. 20:301-309.
II. Buchholz-Cleven, B. E. E., and K. L. Straub. Enumeration and molecular
characterization of Fe(III)-reducing bacteria from diverse European sediments and
the anaerobic cycling of iron. Appl. Environ. Microbiol. In Vorbereitung.
12. Buresh, R. J., and J. T. Moraghan. 1976. Chemical reduction of nitrate by
ferrous iron. J. Environ. Qual. 5:320-325.
30
13. Caccavo Jr., F., J. D. Coates, R. Rossello-Mora, W. Ludwig, K. H.
Schleifer, D. R. Lovley, and M. J. Mcinerney. 1996. Geovibrio
ferriredllcens, a phylogenetically distinct dissimilatory Fe(III)-reducing bacterium.
Arch. Microbiol. 165:370-376.
14. Caccavo ~r., F., D. J. Lonergan, D. R. Lovley, M. Davis, J. F.
Stolz, and M. J. McInerney. 1994. Geobacter sllifurredllcens sp. nov., a
hydrogen- and acetate-oxidizing dissimilatory metal-reducing microorganism. App!.
Environ. Microbiol. 60:3752-3759.
15. Canfield, D. E., B. B. Jtlrgensen, H. Fossing, R. Glud, J.
Gundel'sen, N. B. Ramsing, B. Thamdrup, J. W. Hansen, L. P.
Nielsen, and P. O. J. Hall. 1993. Pathways of organic carbon oxidation in
three continental margin sediments. Mar. Geol. 113:27-40.
16. Canfield, D. E., B. Thamdrup, and J. W. Hansen. 1993. The anaerobic
degradation of organic matter in Danish coastal sediments: Iron reduction,
manganese reduction, and sulfate reduction. Geochim. Cosmochim. Acta.
57:3867-3883.
17. Coates, J. D., D. J. Lonergan, E. J. P. Philips, H. Jenter, and D. R.
LoYley. 1995. Desuljllromonas palmitatis sp.nov., a marine dissimilatory Fe(I1I)
reducer that can oxidize long-chain fatty acids. Arch. Microbiol. 164:406-413.
18. Coates, J. D., E. J. P. Phillips, D. J. Lonergan, H. Jenter, and D.
R. LoYley. 1996. Isolation of Geobacter species from diverse sedimentary
environments. App!. Environ. Microbiol. 62: 1531-1536.
19. Cornell, R. M., and U. Schwertmann. 1996. The iron oxides - structure,
properties, reactions, occurrence and uses. VCH, Weinheim.
20. Crichton, R. J991. Inorganic biochemistry of iron metabolism. Ellis Horwood
Limited, Chicheskr.
21. Dobbin, P. S., L. H. Warren, N. J. Cook, A. G. McEwan, A. K.
Powell, and D. J. Richardson. 1996. Dissimilatory iron(III) reduction by
Rizodobac/er capsula/us. Microbiology. 142:765-774.
22. Dunbal', J., S. White, and L. Forney. 1997. Genetic diversity through the
looking glass: effect of enrichment bias. Appl. Environ. Microbiol. 63: 1326-1331.
23. Eggleton, R. A., and R. W. Fitzpatrick. 1988. New data and a revised
struclural model for ferrihydrite. Clay .and Clay Minerals. 36: 111-124.
24. Ehrenreich, A., and F. Widdel. 1994. Anaerobic oxidation of ferrous iron by
purple bacteria, a new type of phototrophic metabolism. App!. Environ. Microbiol.
60:4517-4526.
31
25. Ehrenreich, A., and F. Widdel. 1994. Phototrophic oxidation of ferrous
minerals- a new aspect in the redox microbiology of iron, p. 393-402. In L. J. Stal
and P. Caumette (ed.), Microbial Mats, vol. 35. Springer-Verlag, Berlin
Heidelberg.
26. Ehrlich, H. L. 1990. Geomicrobiology of Iron, p. 283-346. In H. L. Ehrlich
(ed.), Geomicrobiology. Marcel Dekker, Inc., New York and Basel.
27. Ehrlich, H. L., W. J. Ingledew, and J. C. Salerno. 1991. Iron- and
manganese-oxidizing bacteria, p. 147-170. In J. M. Shively and L. L. Barton (ed.),
Variations in autotrophic life. Academic Press, London.
28. Emerson, D., and N. P. Revsbech. 1994. Investigation of an iron-oxidizing
microbial mat community located near Aarhus, Denmark: Field studies. Appl.
Environ. Microbiol. 60:4022-4031.
29. Emerson, D., and N. P. Revsbech. 1994. Investigation of an iron-oxidizing
microbial mat community located near Aarhus, Denmark: Laboratory Studies. Appl.
Environ. Microbiol. 60:4032-4038.
30. Ferguson, S. J. 1994. Denitrification and its control. Antonie van
Leeuwenhoek. 66:89-110.
31. Frankel, R. B., R. P. Papaefthymiou, R. P. Blakemore, and W.
O'Brien. 1983. Fe304 precipitation in magnetotactic bacteria. Biochim. Biophys.
Acta. 763: 147-159.
32. Froehlich, P. N., G. P. Klinkhammer, M. L. Bender, N. A.
Luedtke, G. R. Health, D. Cullen, P. Dauphin, D. Hammond, B.
Hartman, and V. Maynard. 1979. Early oxidation of organic matter in pelagic
sediments of the eastern equatorial Atlantic: suboxic diagenesis. Geochim.
Cosmochim. Acta. 43:1075-1090.
33. Garrels, R. M., and C. L. Christ. 1965. Solutions, minerals and equilibria.
Harper & Row, New York.
34. Gaw, C. V., D. J. Ellis, B. J. Bratina, T. M. Schmidt, and D. R.
Lovley. 1997. Presented at the ASM, Miami.
35. Ghiorse, W. C. 1984. Biology of iron- and manganese-depositing bacteria.
Annu. Rev. Microbiol. 38:515-550.
36. Goncharov, G. N., A. A. Efimov, A. V. Kalyamin, and S. B.
Tomilov. 1978. Mechanism of hydroloytic precipitate formation in the hydrolysis
of Fe(III) in nitrate solutions. Zh. Obshchei Khimii. 48:2398-2408.
37. Greene, A. C., B. K. C. Patel, and A. J. Sheehy. 1997. Deferribacter
thennophilus gen. nov., sp. nov., a novel thermophilic manganese- and iron-




38. Greenwood, N. N., and A. Earnshaw. 1984. Chemistry of the elements.
Pergamon Press, Oxford.
39. Hafenbradl, D., M. Keller, R. Dirmeier, R. Rachel, P. Rollnagel, S.
Burggraf, H. Huber, and K. O. Stetter. 1996. Ferroglobus placidus gen.
nov., sp. no~., a novel hyperthermophilic archaeum that oxidizes Fe2+ at neutral
pH under ltlIoxic conditions. Arch. Microbiol. 166:308-314.
40. Hallbeck, L., and K. Pedersen. 1991. Autotrophic and mixotrophic growth
of GalllOnella ferruginea. J. Gen. Microbiol. 137:2657-2661.
41. Hanert, H. H. 1989. Genus Gallionella Ehrenberg 1838, 166AL, p. 1974-1979.
In J. T. Staley, M. P. Bryant, N. Pfennig, and J. G. Holt (ed.), Bergey's manual
of systematic bacteriology, vol. 3. Williams & Wilkins, Baltimore.
42. Hansen, H. C. B., O. K. Borggaard, and J. Sllrensen. 1994. Evaluation
of the free energy of formation of Fe(ll)-Fe(ill) hydroxide-sulphate (green rust) and
Its reductIon of nitrite. Geochim. Cosmochim. Acta. 58:2599-2608.
43. Hanzlik, M. Personliche Mitteilung.
44. Heising, S. 1995. Oxidation von Ferro-Eisen durch anoxygen phototrophe
Baktenen; Dissertation, Universitat Konstanz.
45. Heising,. S., W. Dilling, S. Schnell, and B. Schink. 1996. Complete
asslmllatIon of cysteine by a newly isolated non-sulfur purple bacterium resembling
Rhodovulum suljidophilum (Rhodobacter suljidophilus). Arch. Microbiol.
165:397-401.
46. Hiraishi, A., and Y. Veda. 1994. Intrageneric structure of the genus
Rhodobacter: transfer of Rhodobacter sulfidophilus and related marine species to
the genus Rhodovulum gen. nov. lnt. 1. Syst. Bacteriol. 44: 15-23.
47. Hiraishi, A., and Y. Veda. 1995. Isolation and characterization of
Rhodovulum strictIJm sp. nov. and some other purple nonsulfur bacteria from
colored blooms in tidal and seawater pools. Int. J. Syst. Bacteriol. 45:319-326.
48. Imhoff, J. F., and H. G. Triiper. 1992. The genus Rhodospirillum and
related genera, p. 2141-2155. In A. Balows, H. G. Triiper, M. Dworkin, W.
Harder, and K.-H. Schleifer (ed.), The Prokaryotes. Springer-Verlag, Berlin
HeIdelberg New York.
49. Inglede~,W. J. 1982. Thiobacillus ferrooxidans the bioenergetics of an
aCldophlhc chemolithotroph. Biochim. Biophys. Acta. 683:89-117.
50. Johnson, D. B., M. A. Ghauri, and S. McGinness. 1993.
Biogeochemical cycling of iron and sulphur in leaching environments. FEMS
















Jllrgensen, B. B. 1989. Biogeochemistry of chemoautotrophic bacteria. In H.
G. Schlegel and B. Bowien (ed.), Autotrophic Bacteria. Springer-Verlag, Berlin
Heidelberg New York.
Knowles, R. 1982. Denitrification. Microbiol. Rev. 46:43-70.
Kostka, J. E., and K. H. Nealson. 1995. Dissolution and reduction of
magnetite by bacteria. Environ. Sci. Technol. 29:2535-2540.
Leduc, L. G., and G. D. Ferroni. 1994. The chemolithotrophic bacterium
Thiobacillusferrooxidans. FEMS Microbiol. Rev. 14:103-120.
Lonergan, D. J., H. L. Jenter, J. D. Coates, E. J. P. Phillips, T. M.
Schmidt, and D. R. Lovley. 1996. Phylogenetic analysis of dissimilatory
Fe(III)-reducing bacteria. J. Bacteriol. 178:2402-2408.
Lovley, D. R. 1991. Dissimilatory Fe(III) and Mn(IV) reduction. Microbiol.
Rev. 55:259-287.
Lovley, D. R. 1993. Dissimilatory metal reduction. Annu. Rev. Microbiol.
47:263-290.
Lovley, D. R. 1995. Microbial reduction of iron, manganese, and other metals.
Adv. Agron. 54: 175-231.
Lovley, D. R., S. J. Giovannoni, D. C. White, J. E. Champine, E.
J. P. Phillips, Y. A. Gorby, and S. Goodwin. 1993. Geobacter
metallireducens gen. nov. sp. nov., a microorganism capable of coupling the
complete oxidation of organic compounds to the reduction of iron and other metals.
Arch. Microbiol. 159:336-344.
Moraghan, J. T., and R. J. Buresh. 1976. Chemical reduction of nitrite and
nitrous oxide by ferrous iron. Soil Sci. Soc. Am. J. 41:47-50.
Muyzer, G., S. Hottentrager, A. Teske, and C. Wawer. 1996.
Denaturing gradient gel electrophoresis ofPCR-amplified 16S rDNA. A new
molecular approach to analyse the genetic diversity of mixed microbial
communitites, p. 3.4.4:1-23. In A. D. L. Akkermans, J. D. Van Elsas, and F. J.
De Bruijn (ed.), Molecular microbial ecology manual. 2nd ed. Kluwer Academic
Publishers, Dordrecht, The Netherlands.
Myers, C. R., and K. H. Nealson. 1988. Microbial reduction of manganese
oxides: interactions with iron and sulfur. Geochim. Cosmochim. Acta. 52:2727-
2732.
Nealson, K. H., and D. Saffarini. 1994. Iron and manganese in anaerobic
respiration. Annu. Rev. Microbiol. 48:311-43.
Neutzling, 0., J. F. Imhoff, and H. G. Triiper. 1984.
Rhodopseudomonas adriatica sp. nov., a new species of the Rhodospirillaceae,
















Phillips, E. J. P., D. R. Lovley, and E. E. Roden. 1993. Composition
of non-microbially reducible Fe(III) in aqatic sediments. Appl. Environ. Microbiol.
59:2727-2729.
Pronk, J. T., and D. B. Johnson. 1992. Oxidation and reduction of iron by
acidophilic bacteria. Geomicrobiol. J. 10:153-171.
Roden, 'E. E., and J. M. Zachara. 1996. Microbial reduction of crystalline
iron(III) oxides: influence uf oxide surface area and potential for cell growth.
Environ. Sci. Technol. 30: 1618-1628.
Rossello-Mora, R. A., W. Ludwig, P. Kampfer, R. Amann, and K.-
H. Schleifer. 1995. Ferrimonas balearica gen. nov., spec. nov., a new marine
facultative Fe(III)-reducing bacterium. System. Appl. Microbiol. 18: 196-202.
Schink. Personliche Mitteilung.
Schwertmann, D., and R. M. Cornell. 1991. Iron oxides in the laboratory.
VCH, Weinheim.
Slobodkin, A., A.-L. Reysenbach, N. Strutz, M. Dreier, and J.
Wiegel. 1997. Thermoterrabacteriumferrireducens gen. nov., sp. nov., a
thermophilic anaerobic dissimilatory Fe(III)-reducing bacterium from a continental
hot spring. Int. J. Syst. Bacteriol. 47:541-547.
Straub. UnverOffentlichte Daten.
Straub, K. L., M. Benz, B. Schink, and F. Widdel. 1996. Anaerobic,
nitrate-dependent microbial oxidation of ferrous iron. Appl. Environ. Microbiol.
62: 1458-1460.
Straub, K. L., and B. E. E. Buchholz-Cleven. Enumeration and molecular
characterization of anaerobic Fe(II)-oxidizing nitrate-reducing bacteria from diverse
European sediments. Appl. Environ. Microbiol. In Vorbereitung.
Straub, K. L., and B. E. E. Buchholz-Cleven. Extended diversity of
ferrous iron-oxidizing nitrate-reducing bacteria from diverse freshwater sediments.
System. Appl. Microbiol. In Vorbereitung.
Straub, K. L., M. Hanzlik, and B. E. E. Buchholz-Cleven. Reduction
of biologically produced ferrihydrite and akaganeite (~-FeOOH) by new Geobacter
species. System. Appl. Microbiol. Eingereicht.
Straub, K. L., F. A. Rainey, and F. WiddeI. 1998. Isolation and
characterization of marine phototrophic ferrous iron-oxidizing purple bacteria,
RllOdovulum iodosum sp. nov. and Rhodovulum robiginosum sp. nov. Int. J.
Syst. Bacteriol. 1m Druck.
Straub, K. L., and F. WiddeI. Characterization of ferrous iron-oxidizing
nitrate-reducing strains BrG I, BrG2. and BrG3. In Vorbereitung.
35
79. Stumm, W., and J. J. Morgan. 1981. Aquatic chemistry, 2nd ed. Wiley
lnterscience, New York.
80. Thamdrup, B., H. Fossing, and B. B. Jf*rgensen. 1994. Manganese,
iron, and sulfur cycling in a coastal marine sediment, Aarhus Bay, Denmark.
Geochim. Cosmochim. Acta. 58:5115-5129.
81. Thauer, R. K., K. Jungermann, and K. Decker. 1977. Energy
conservation in chemotrophic anaerobic bacteria. Bacteriol. Rev. 41:100-180.
82. Ward, D. M., C. M. Santegoeds, S. C. Nold, N. B. Ramsing, M. J.
Ferris, and M. M. Bateson. 1997. Biodiversity within hot spring microbial
mat communities: molecular monitoring of enrichment cultures. Antonie van
Leeuwenhoek. 71: 143-1 SO.
83. Ward, N., F. A. Rainey, E. Stackebrandt, and H. Schlesner. 1995.
Unraveling the extent of diversity within the order Planctomycetales. Appl.
Environ. Microbiol. 61:2270-2275.
84. Widdel, F., S. Schnell, S. Heising, A. Ehrenreich, B. Assmus, and
B. Schink. 1993. Ferrous iron oxidation by anoxygenic phototrophic bacteria.
Nature. 362:834-836.
85. Woese, C. R. 1992. Prokaryotic systematics: The evolution of a science. p. 3-
18. In A. Balows, H. G. Trtiper, M. Dworkin. W. Harder. and K.-H. Schleifer
(ed.), The prokaryotes. Spinger, New York.
86. Zehnder, A. J. B., and W. Stumm. 1988. Geochemistry and
biogeochemistry of anaerobic habitats, p. 1-38. In A. J. B. Zehnder (ed.), Biology
of anaerobic microorganisms. Wiley. New York.
87. Zumft, W. G. 1992. The denitrifying prokaryotes, p. 554-582. In A. Balows.







Screening for genetic diversity of isolates of anaerobic
Fe(II)- oxidizing bacteria using DGGE and whole-cell
hybridization
B. E. E. Buchholz-Cleven, B. Rattunde, and K. L. Straub
Enumeration and molecular characterization of
Fe(II)-oxidizing nitrate-reducing bacteria from
European sediments
K. L. Straub and B. E. E. Buchholz-Cleven
Reduction of biologically produced ferrihydrite and
akaganeite (p-FeOOH) by new Geobacter species
K. L. Straub, M. Hanzlik, and B. E. E. Buchholz-Cleven
3.
Gemeinsam~. ntwicklung des Konzepts mit B. E. E. Buchholz-Cleven. Durchflihrung
aller mikroblOloglscher Versuche. Redaktionelle Mitarbeit am Manuskript.
4.
Gemeinsame Entwicklung des Konzepts mit B. E. E. Buchholz-Cleven. Durchftihrung
aller rmkroblOloglscher Versuche. Gemeinsame Erstellung des Manuskripts mit
B. E. E. Buchholz-Cleven.
Eigenstiindige Entwicklung des Konzepts. Durchfuhrung aller mikrobiologischen
Versuche. Erstellung des Manuskripts unter der redaktionellen Mitwirkung von
M. Hanzlik und B. E. E. Buchholz-Cleven.
s.
Vorgabe des Themas durch F. Widdel. Eigenstiindige Entwicklung des Konzepts.
Durchfiihrung aller mikrobiologischen Versuche. Erstellung des Manuskripts unter der
redaktionellen Mitwirkung von F. Rainey und F. Widdel.
2. Anaerobic, nitrate-dependent microbial oxidation of
ferrous iron
K. L. Straub, M. Benz, B. Schink, and F. Widdel
Vorgabe des Themas durch F. Widdel. Gemeinsame Entwicklung des Konzepts mit
F.Widdel. Durchftihrung der mikrobiologischen Versuche an der SliBwasseranreicherung
und den SliBwasserisolaten BrG lund BrG2. Redaktionelle Mitarbeit am Manuskript.
1 . Isolation and characterization of marine phototrophic
ferrous iron-oxidizing purple bacteria, Rhodovulum
iodosum sp. nov. and Rhodovulum robiginosum sp. nov.
K. L. Straub, F. A. Rainey, and F. Widdel
Diese Dissertation beruht auf den im folgenden aufgelisteten funf Publikationen. Zu jeder
Publikationen gibt es eine kurze ErHiuterung, welche meine Beitrage zu den Arbeiten
aufzeigen soli.
A Publikationsliste mit ErUiuterungen
Teil 2: Publikationen
1Isolation and Characterization of Marine
Phototrophic Ferrous Iron-oxidizing Purple
Bacteria, Rhodovulum iodosum sp. nov. and
Rhodovulum robiginosum sp. nov.
Kristina L. Straub, Frederick A. Rainey, and Friedrich Widdel
Int. J. Syst. Bacteriol. in press
41
Abstract
Two new types of marine purple bacteria, strains Nl and N2, were
isolated from coastal sediment of the North Sea (Germany) with ferrous
iron as the only electron donor for anoxygenic photosynthesis. The
isolates are the first salt-dependent, iron-oxidizing purple bacteria
characterized so far. Analysis of 16S rRNA gene sequences revealed an
affiliation with the genus Rhodovulum, which until now comprises only
marine species. The sequence similarity of both strains is 95.2 %, and
their closest relative is Rhodovulum adriaticum. Like all known
Rhodovulum species, the new strains have ovoid to rod-shaped cells,
contain bacteriochlorophyll a and carotenoids of the spheroidene series,
and are able to oxidize sulfide and thiosulfate. Like Rdv. adriaticum, both
strains are unable to assimilate sulfate; for growth they need a reduced
sulfur source, e.g. thiosulfate. In contrast to the new strains, none of the
known Rhodovulum species tested is able to oxidize ferrous iron or iron
sulfide. In growth experiments, strains Nl and N2 oxidized 65% and
95%, respectively, of the ferrous iron supplied. Electron diffraction
analysis revealed ferrihydrite as the main product of ferrous iron
oxidation. In addition, traces of magnetite were formed. Strains Nl and
N2 are described as Rhodovulum iodosum sp. nov., and Rhodovulum
robiginosum sp. nov., respectively.
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Introduction
The utilization of ferrous iron as electron donor for anoxygenic photosynthesis was
first recognized in crude enrichment cultures with iron-rich anaerobic freshwater and
marine mud ~amples. Of subsequently isolated pure cultures, only those from freshwater
habitats shq\ved good growth on ferrous iron and were therefore characterized in detail
(9, 29). Although marine enrichment cultures oxidized ferrous iron as efficiently as the
freshwater enrichment cultures, marine isolates developed only poorly; these isolates
were not preserved.
Coastal sediments often contain large pools of ferric iron, which may function as an
important electron acceptor for the oxidation of organic carbon (I, 4). It has been
suggested that at high rates of ferric iron reduction, ferrous iron occurs in the upper
millimeters of marine sediments (5, 27). Hence, the simultaneous occurrence of light and
ferrous iron is likely so that the latter may serve as electron donor for anoxygenic
phototrophs. Ferrous iron oxidation by anoxygenic phototrophs is understandable in
terms of energetics. The Fe(m)/Fe(II) redox pair in bicarbonate-containing environments
has an EO' around +0.2 V. Hence, electron transfer to the anoxygenic photosystem with a
midpoint potential around +0.45 V is feasible (29).
Another naturally wide-spread redox-active metal is manganese. Similar to ferrous
iron, manganese(II) may also occur in the suface layers of sediments (27). However,
according to thermodynamic data, manganese(II) is unlikely to serve as electron donor for
anoxygenic phototrophs in environments with pH values below 9, since the redox
potential of the Mn(IV)/Mn(II) couple is around +0.6 V and hence too positive (3).
For comparitative studies on ferrous iron-oxidizing phototrophic bacteria we started
enrichment cultures to obtain marine counterparts of the known freshwater isolates. Here
we describe the isolation, physiological features and phylogenetic affiliation of two new
marine species for which the names Rhodovulum iodosum and Rhodovulum




Source of bacteria. Sediment for enrichment cultures was collected from the mud
flat of the Jadebusen (North Sea,. Germany) at four different sites. Rhodovulum
ad,wticum DSM 2781 T, Rhodovulum euryhalinum DSM 4868T, and Rhodovulum
sulfidophilum DSM 1374T were obtained from the Deutsche Sarnmlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany.
Media and growth conditions. Techniques for preparation of media and
cultivation of phototrophic bacteria under anoxic conditions have been described
elsewhere (28). For the present study, artificial seawater medium was used which
contained per liter of distilled water: 0.4 g of KH2P04, 26.4 g of NaCI, 0.25 g of NH4Cl,
6.8 g of MgS04 · 7Hp, 5.7 g of MgCI2 · 6Hp, 1.5 g of CaCI2 · 2Hp, 0.66 g of
KCI, and 0.09 g of KBr. After autoclaving and cooling under an atmosphere of N/C02
(90/10, voVvol), 30 ml NaHC03 solution (84 gil, autoclaved under CO2), vitamins,
EDTA-ehelated mixture of trace elements, and selenite and tungstate solution (28) were
added. The pH was adjusted to 6.9. Unless indicated otherwise, 0.5 mM Na2Sp3 was
added as a source of reduced sulfur from a filter-sterilized stock solution (I M).
FeS04 was added to culture medium from a 1.0 M anoxic stock solution; upon the
addition of FeS04 to the medium (final concentration 10 mM), a white precipitate, most
likely consisting of ferrous carbonate and phosphate, formed (9). An anoxic suspension
of FeS was prepared as described previously (9). For experiments with free sulfide,
sodium sulfide was added to the media from an anoxic autoclaved stock solution (I M) to
the final concentrations indicated. Culture tubes and bottles were incubated horizontally
on a Plexiglas plate and illuminated with two tungsten lamps (25 W) installed above and
below the cultures at a distance of 30 em. Enrichment cultures were incubated at 20°C and
gently shaken every other day to allow even distribution of bacteria and ferrous iron
minerals.
Utilization of other compounds as electron donors for photosynthetic growth was
tested in media without FeS04 (exept for 7.5 11M FeS04 from trace element solution).
Ferrous sulfide, free sulfide, propionate, butyrate, valerate, caproate, caprylate,
methanol, ethanol, pyruvate, glucose, and fructose were supplied at a final concentration
of 2 mM. The final concentration of yeast extract and casamino acids was 0.5 gil. All
other compounds were added at a final concentration of 4 mM.
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Isolation. Pure cultures were obtained via repeated agar dilution series (28) prepared
with a slight modification: To 3 ml of 3% (wt/vol) agar molten in a test tube, 0.11 ml of a
I M FeS04 solution and 8 ml prewarmed medium were subsequently added. FeS04 was
supplied as the only electron donor. Purity was verified microscopically after growth of
isolates in medium with yeast extract (0.5 gIliter), pyruvate (2 mM), glucose (I mM), or
acetate (5~). In addition, homogeneity of colonies in agar dilutions was checked.
Analytical methods. Ferrous iron was quantified photometrically at 510 nm after
chelation with 2 mM o-phenanthroline in 0.7 M sodium acetate buffer, pH 5, in a test
volume of I ml (modified from ref. 10). Inunediately before withdrawing samples,
cultures were agitated to disperse iron precipitates homogeneously. Samples were taken
with anoxic syringes and were immediately acidified with HCI (final concentration 1M).
The concentration of ferric iron was determined in the same way after reduction with 0.28
M hydroxylammonium chloride; the ferrous iron concentration determined before
reduction was substracted.
The type of photosynthetically produced ferric iron was identifyed by electron
diffraction analysis. Two ml of spent medium, with ferric iron produced during
photoautotrophic growth on ferrous iron, were washed 5 times with 25 ml distilled water
to remove medium components; then a drop of the ferric iron suspension was placed onto
a formvar-carbon-coated copper grid and air dried. Selected area diffraction was carried
out with a Zeiss EMIO to identifiy the ferric iron and to determine its degree of
crystallinity. The analysis was carried out by Marianne Hanzlik, Munich, Germany.
Sulfate was determined on a Sykam (Gilching, Germany) ion chromatograph
according to Bak et al. (2).
Carotenoids were extracted from cell pellets of acetate-grown cultures (10 ml) by using
100% acetone (3 ml), and sonication (26); the carotenoid composition was determined by
HPLC analysis according to Overmann et al. (20); the column was Spherisorb ODS-2, 5
11m, the eluent was acetonitrile/methanoVisopropanol, 85/10/5). Carotenoids of Rdv.
sulphidophilum were extracted for comparison.
16S rDNA sequence determination, phylogenetic analyses and DNA
base composition. Genomic DNA extraction, PCR amplification of the 16S rONA and
sequencing of the PCR products were carried out as described previously (22). Sequence
reaction products were electrophoretically separated using a model 373A automated
sequencer (Applied Biosystems, Foster City, Ca.). The ae2 editor (18) was used to align
the 16S rONA sequences obtained in this study against the previously determined 16S
rONA sequences of Rhodovulum and Rhodobacter species available from the public
databases. The method of Jukes and Cantor (17) was used to calculate evolutionary
distances. Phylogenetic dendrograms were generated using various treeing algorithms
contained in the PHYLIP package (11). The phylogenetic dendrogram shown in figure I
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was reconstructed from evolutionary distances using the algorithm of DeSoete (6).
The mol% G+C of the DNA was determined by HPLC (Deutsche Sarnmlung von
Mikroorganismen und Zellkulturen, Braunschweig, Germany).
Nucleotide sequence and strain accession numbers. The 16S rDNA
sequences determined in this study are deposited in the EMBL database under the
accession numbers YI5011 and YI5012 for strains NI and N2, respectively. Strains N I
and N2 are deposited at the Deutsche Sarnmlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany, under accession numbers DSMXXX and DSMXXX,
respectively. The strain designations and accession numbers of the reference strains used
in the phylogenetic analyses are as follows: Rhodobacter blasticus ATCC 33485,
DI6429; Rhodobacter capsulatus ATCC 11168, D13474; Rhodobacter sphaeroides !FO
12203, DI6425; Rhodobacter veldlwmpii ATCC 35703, DI6421; Rhodobacter sp. strain
SW2, X78717; Rhodovulum adriaticum DSM 2781, DI6418; Rhodovulum euryhalinum
DSM 4868, D13479; Rhodovulum strictum MB-G2, DI6419; Rhodovulum
sulfidophilum DSM 1374, DI6423; Roseobaeterdenitrificans LMG 4218, X69159.
Results and Discussion
Enrichment and isolation. Artifical sea water medium supplied with 10 mM
FeSO. as the only electron donor was inoculated with marine sediment samples from four
different sites of the Jadebusen. Enrichment cultures were incubated horizontally in the
light at 20°C. Rusty patches developed in particular on the sediment side which was
illuminated from below, and after 3-4 weeks of incubation the entire lower glass wall was
covered by a rusty layer.
After subsequent transfer of all four enrichment cultures to fresh FeSO.-containing
medium (inoculum size, 5-10% [voUvol]), the rate and extent of the ferrous ion oxidation
decreased significantly. However, when transfers were made in the presence of a reduced
sulfur source such as 0.5 mM FeS or 0.5 mM Na2S20 3 the capacity for ferrous iron
oxidation continued in all subcultures, and the precipitated ferrous iron minerals turned
completely rusty within two weeks. Obviously, sulfate which was always present in the
medium could not be used as sulfur source. Continued cultivation was therefore only
possible when a reduced sulfur source was routinely added to the media. Because sample
material was obtained from the same area as in the former study (29), one might speculate
whether the poor growth of the formerly obtained isolates was due to the lack of a
reduced sulfur source.
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Agar dilutions with 10 mM FeS04 as the only electron donor were inoculated from the
eighth subcultures. After three weeks of incubation in the light, opaque rusty-orange
colonies had formed amongst a variety of small red-coloured colonies. With the rusty-
orange colonies subsequent agar dilution series were inoculated; from these ten colonies
were isolated and transferred to liquid media. All isolates were able to oxidize ferrous iron
t
in the light; in controls in the dark no oxidation of ferrous iron occurred. Two isolates,
strains N I and N2, which formed rusty deposits of distinct consistency were chosen for
further characterization. When strain NI was grown without agitation, the ferric iron
produced formed a sol id layer sticking firmly to the glas wall. In contrast, strain N2
formed a loose, powdery ferric iron mineral. The other isolates were not further studied.
Correction of a name. In the description of Rhodobacter blastica (sic) the name
was incorrectly derived. The name is therfore corrected as follows: Rhodobacter blasticus
corrig. (for Rhodobacter blastica [sic]). The corrected name is used in this study.
Phylogenetic affiliation and G+C content of DNA. Almost complete 16S
rDNA sequences of strains NI and N2 comprising 1,414 and 1,415 nucleotides
respecti vely (>95% of the E. coli sequence, positions 31 to 1519) were determined in this
study. A total of 1,034 nucleotides present in all of the strains between position 47 and
1380 (E. coli positions) were used in the phylogenetic analyses presented in Fig. I. The
phylogenetic dendrogram (Fig. I) shows strains NI and N2 to fall within the radiation of
the genus Rhodovulum which along with the species of the genus Rhodobacter forms a
distinct cluster within the alpha subclass of the Proteobacteria (14). The relationship of
strains N I and N2 to the species of the genus Rhodovulum is also seen from the 16S
rDNA sequence similarity values. The 16S rDNA sequences of strains N I and N2 have
similarity values in the range of 93.6 to 94.3% to species of the genus Rhodovulum while
the sequence similarity to species of the genus Rhodobacter is lower and in the range of
90.9 to 92.9%. Pairwise comparison of the 16S rDNA sequences of strains NI and N2
shows them to share 95.2% similarity.
One of the previously characterized ferrous iron-oxidizing phototrophic bacteria, strain
SW2, isolated from a freshwater habitat is affiliated with the genus Rhodobacter (9, Fig.
I) and hence can be considered as a freshwater counterpart of strains N I and N2 within
the alpha subclass.
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Morphological features and photosynthetic pigments. The cell morphology
of both strains was influenced by the type of growth substrate. In photoheterotrophically
grown cultures. cells of both strains were ovoid to rod-shaped and nonmotile. Cells of
strain N I were approximately 0.8 x 1.8 lim in size; cells of strain N2 were slightly
smaller with an average size of 0.5 x 1.5 lim. During growth on ferrous iron more
elongated Icod-shaped, nonmotile cells (length up to 3.8 lim) prevailed. A similar
influence of the substrate on the cell morphology was reported for the ferrous iron-
oxidizing, Rhodobacter-like freshwater strain SW2 (8).
When grown on ferrous iron, the brownish-orange color of the ferric iron produced
masked the color of the cells, When grown photoheterotrophically, cultures of both
strains were yellow-brown under strictly anoxic conditions and pink when the head space
of the culture contained air. The photosynthetic pigments of the strains were
bacteriochlorophyll a and carotenoids of the spheroidene series (spheroidene,
speroidenone, hydroxyspheroidenone), as determined by HPLC. These are the
characteristic photosynthetic pigments of Rhodovulum and Rhodobacter species (16),
Physiological characterization. Like all known Rhodovulum species (14), the
newly isolated strains also require sodium chloride for optimal growth. Strains NI and
N2 grew at sodium chloride concentrations of 2-7 and 1-7% (gil), respectively. A sodium
chloride concentration of 2.5-5% was optimal for both strains.
Photoautotrophic growth of strains N I and N2 was tested with electon donors other
than ferrous iron, Both strains utilized sulfide and thiosulfate, like all other known
Rhodovulum species. and in addition were able to oxidize hydrogen and sulfur, like Rdv.
sulfidophilum. (12, IS, 16; Table I). However, only strains NI and N2 were able to
oxidize ferrous iron (Table I). Furthermore, both strains grew with iron sulfide, forming
ferric iron and sulfate. The marine strains NI and N2 share this capacity with the
freshwater strains SW2 and L7 which also oxidized iron sulfide completely (9).
However, the freshwater strains SW2 and L7 were unable to oxidize free sulfide,
thiosulfate and elemental sulfur (8).
Strains N I and N2 grew photoheterotrophically on a variety of organic compounds
(Table 1), The range of substrates utilized by strains NI and N2 differed slightly; only
strain N I grew with butyrate, valerate, fumarate or cysteine, and only strain N2 utilized
glycerol. Like all other known Rhodovulum species, the new strains grew well on
acetate, lactate, malate, pyruvate, succinate, yeast extract and casarnino acids (IS, 16;
Table I). On acetate, malate or casarnino acids, a doubling time of II h was measured.
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"Symbols: +, utilized; -, not utilized; n.d., no data
bData from Reference 19
'Data from Reference 16
dData from Reference 15
'Data from Reference 12, 16
The capacity for chemotrophic, respiratory growth was tested with acetate as organic
substrate. Strains N I and N2 grew in the dark with oxygen as electron acceptor. Under
anaerobic conditions in the dark, growth was observed neither with nitrate, nitrite, DMSO
nor with TMAO. Recently it was reported that Rhodobacter capsulatus grew by
dissimilatory reduction of ferric iron (7). However, none of the marine or freshwater
ferrous iron-oxidizing strains obtained so far was able to use ferric iron for dissimilatory
growth in the dark (8).
Both strains did not grow fermentatively with yeast extract, casamino acids, pyruvate
or fumarate.
The pH range and optimum for growth depended on the substrate supplied. With
acetate, both strains grew between pH 6 and 9, with an optimum between 7 and 7.3 for
strain NI, and an optimum between 7.3 and 7.7 for strain N2. However, growth with
ferrous iron was for both strains only observed between pH 6.3 and 6.8, with an
optimum at 6.5. Such a striking, narrow pH range and pronounced optimum in ferrous
iron-containing media was also observed with anaerobic denitrifying ferrous iron-
oxidizing bacteria from freshwater sediments (24, 25), and with aerobic ferrous iron-
oxidizing bacteria (21).
The temperature range for growth of both strains was between 10 and 35°C, with an
optimum at 20-25°C for strain NI and an optimum at 25-28°C for strain N2.
Both strains required biotin and nicotinate; strain N2 also needed vitamin B!2'
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Sulfur assimilation. Since the enrichment culture depended on the presence of a
reduced sulfur source, the sulfur requirement was again tested with the isolates. The
strains N I and N2 were grown photoheterotrophically with 10 roM acetate and 0.5 roM
of various sulfur compounds. Growth in subcultures continued only in the presence of
thiosulfate, elc;mental sulfur, sulfide or cysteine, but not with sulfate or sulfite. The same
demand for ~educed sulfur sources has been reported for the closely related Rdv.
adriaticum (19). A possible toxic effect of sulfite was checked by growing the strains
photoheterotrophically with 10 roM acetate in the presence of different concentrations of
sulfite (0.1 roM to 5 roM). At a sulfite concentration of I roM and higher, growth of both
strains was inhibited.
Strain N I was not only able to use cysteine as sulfur source, but also uzilized cysteine
(4 roM) as the only substrate for photoheterotrophic growth (Table I); sulfate was
detected as the oxidation product. The capacity for photoheterotrophic growth on cysteine
was for the rust time reported for strain SiCys, classified as Rhodovulum sulftdophilum
(13). However, strain SiCys is unable to oxidize ferrous iron (23).
Taxonomic conclusion. The results of the 16S rDNA sequence determination and
analyses place the strains N I and N2 within the radiation of the alpha subclass of the
Proteobacteria and more precisely within the radiation of the species of the genus
Rhodovulum. Although sharing the capacity for ferrous iron oxidaton with strain SW2,
the two strains are distinct from the previously described strain SW2, which is a member
of the genus Rhodobacter (9).
On the basis of the low 16S rONA sequence similarity values «95%) to other species
of the genus Rhodovulum and their distinct physiological characteristics when compared
to other species of this genus the strains N I and N2 represent novel species. The strains
N I and N2 can be differentiated from each other on the basis of their low 16S rDNA
sequence similarity (95.2%), their differing G+C content of their DNA and the
differences in the range of substrates used for growth. On the basis of these
characteristics and the differences observed between the two strains they are described as
two new species of the genus Rhodovulum, Rdv. iodosum sp. nov., for strain NI, and
Rdv. robiginosum sp. nov., for strain N2.
Description of Rhodovulum iodosum sp. nov. Rhodovulum iodosum
(i.o.do'sum. m. L. adj. from Gr. adj. iodaes, violet, and also rusty; indicating the
formation of rusty, ferric iron deposits during photoautotrophic growth on ferrous iron).
Ovoid to rod-shaped, nonmotile cells, 0.5-0.8 ~m wide and 1.8-3.8 ~m long.
MUltiplication by binary fission. Color of strictly anaerobically grown cells is yellow-
brown. Cells contain bacteriochlorophyll a and carotenoids of the spheroidene series.
Electron donors for photoautotrophic growth are hydrogen, sulfide, thiosulfate, elemental
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Photoheterotrophic growth occurs with acetate. propionate. butyrate. valerate. pyruvate.
lactate. succinate. fumarate. malate. cysteine. glutamate and mannitol. Grows
chemoheterotrophically in the dark with oxygen. Optimal growth on ferrous iron occurs
at 20-25°C. pH 6.5. and with 25-50 g NaCiIl. Growth is not possible with sulfate as sole
sulfur source; thiosulfate. elemental sulfur. sulfide or cysteine are necessary as a source
of reduced sulfur for cell synthesis. Biotin and nicotinate are required as growth factors.
The G+C content of the DNA is 66 mol%.
Source: sediment of the mud flat of the Iadebusen. North Sea coast. Germany.
Type strain: Rhodovulum iodosum, strain Nl. deposited with the Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braunschweig. Germany. under the
number DSMOOOO.
Description of Rhodovulum robiginosum sp. nov. Rhodovulum
robiginosum (ro.bi.gi.no·sum. L.adj. robiginosum. rusty; indicating the formation of
rusty. ferric iron deposits during photoautotrophic growth on ferrous iron). Ovoid to rod-
shaped. nonmotile cells. 0.5-0.8 ~m wide and 1.5-3.5 ~m long. Multiplication by binary
fission. Color of strictly anaerobically grown cells is yellow-brown. Cells contain
bacteriochlorophyll a and carotenoids of the spheroidene series. Electron donors for
photoautotrophic growth are hydrogen. sulfide. thiosulfate. elemental sulfur. and ferrous
iron; the main product of ferrous iron oxidation is ferrihydrite. Photoheterotrophic growth
occurs with acetate. propionate. pyruvate. lactate. succinate. malate. glutamate. glycerol
and mannitol. Grows chemoheterotrophically in the dark with oxygen. Optimal growth
on ferrous iron occurs at 25-28°C, pH 6.5. and with 25-50 g NaCi/1. Growth is not
possible with sulfate as sole sulfur source; thiosulfate. elemental sulfur. sulfide or
cysteine are necessary as a source of reduced sulfur for cell synthesis. Biotin. vitamin B 12
and nicotinate are required as growth factors. The G+C content of the DNA is 69 mol%.
Source: sediment of the mud flat of the Iadebusen. North Sea coast. Germany.
Type strain: Rhodovulum robiginosum, strain N2. deposited with the Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH. Braunschweig. Germany.
under the number DSMOOO.
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Anaerobic, Nitrate-Dependent Microbial Oxidation
of Ferrous Iron
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Enrichment and pure cultures of nitrate-reducing bacteria were shown to
grow anaerobically with ferrous iron as the only electron donor or as the
additional electron donor in the presence of acetate. The newly observed
bacterial process may significantly contribute to ferric iron formation in
the suboxic zone of aquatic sediments.
Introduction, Results and Discussion
Iron is the most prevalent redox-active metal in the biosphere. In anoxic soils and
sediments, ferric iron is reduced to the ferrous state mainly through the activities of
various iron-reducing bacteria (IS, 18). Widespread and well-studied reoxidation
processes of iron(II) are its chemical reactions with molecular oxygen under neutral
conditions (21) and its biological utilization as an electron donor by aerobic acidophilic (I,
4,25) or neutrophilic (5, 6, 12, 13, 25) bacteria. In the absence of oxygen, iron(II) can
be chemically oxidized with manganese(IV) oxide (17); however, manganese(IV) oxide is
insoluble and is therefore not a diffusible oxidant in aquatic sediments. Anaerobic
chemical oxidation of iron with the diffusible oxidants nitrate (2, 22a), nitrite, and nitrous
oxide (14, 16) is possible in vitro, but it is doubtful whether such abiological reactions are
significant under the conditions of natural habitats (2). Biological, °2-independent
oxidation of ferrous iron with light as the energy source was recently demonstrated in
cultures of newly isolated phototrophic bacteria (24); ferrous iron was used as the electron
donor for CO
2
fixation (3). Here we demonstrate that the biological oxidation of ferrous
iron in the absence of oxygen is also possible by a light-independent, chemotrophic
microbial activity with nitrate as the electron acceptor.
Sediment samples for enrichment cultures were taken from town ditches (Bremen,
Germany) and a brackish water lagoon (Hiddensee, Baltic Sea, Germany). The
denitrifying bacterial strains LP-l, AR-I (8), and ToNI (19) were from subcultures that
had been kept in our laboratories since the isolation of these bacteria. ThiobaciLlus
dellitrificans (ATCC 25259) and Pseudomonas stutzeri (ATCC 14405) were from the
American Type Culture Collection (Rockville, Md.) and Thiomicrospira denitrificans
(DSM 1251) and ParacoCCUS denitrificans (DSM 1404) were from the Deutsche
Samrnlung von Mikroorganismen (Braunschweig, Germany).
Enrichment and pure cultures were grown in defined anoxic, bicarbonate-buffered (30
roM, pH 7.0) mineral media containing vitamins and trace elements, as described
elsewhere (23); media were prepared without sulfide. Unless otherwise indicated, 4 roM
60
NaNO) was added. Depending on the inoculum source, either freshwater or brackish
water medium was used (23). FeSO. was added as the sole electron donor and as the
reductant from an anoxic stock solution to obtain a concentration of 6.6 or 10 roM in the
medium. The Fe2+ ions reacted with carbonate and phosphate in the medium to form a
colorless prec~pitate.The butyl rubber-sealed culture tubes (20 ml) and bottles (50, 100,
and 500 ~ contained a head space (1110 of the total volume) of N1-C02 (90: 10
[volJvol]). The inoculum size was 2 to 4% of the culture volume. Cultures were incubated
at 15 and 28°C. Iron-oxidizing denitrifying bacteria were isolated via repeated agar
dilution series (23) with sodium nitrate and ferrous sulfate (10 roM) in the absence or
presence of sodium acetate (1 roM) as an auxiliary substrate.
Iron oxidation and nitrate reduction were quantified in flat 500-ml bottles. The bottles
were incubated in a horizontal position to yield a large surface area for the precipitated
ferrous rrnnerals. Samples were withdrawn through the stoppers via anoxic syringes
while the medium was stirred to allow homogeneous distribution of precipitated iron
mmerals. Otherwise, the bottles were incubated without agitation. To allow complete
separation of WIthdrawn iron minerals from nitrite, a possible product which interferes
with the iron assay, samples were fITst anoxically mixed with N~CO) (final concentration
50 roM) and then centrifuged under N 2. The supernatant was used to determine the
concentration of nitrate and nitrite by high-pressure liquid chromatography (19). The
pellet was dissolved in I M HCI (30 min at 25°C) for the colorimetric determination of the
concentration of ferrous and ferric iron (3). Ammonium ions were quantified by using the
mdophenol formation reaction (10).
Ten bottles with media containing iron(II) and nitrate were inoculated with freshwater
and brackish water mud samples. After I to 2 weeks of incubation, eight enrichment
media exhibited yellow-brown precipitates resembling iron(ill) oxides. Positive
enrichment cultures were transferred repeatedly at intervals of I to 2 weeks. Growth at
28°C was faster than at 15°C. Whereas in brackish water enrichment cultures, the
formatIOn of ferric iron after four transfers occurred only in the presence of organic
substrates such as I roM acetate or succinate, freshwater enrichment cultures continued to
grow without an addition of organic electron donors. The only organic compounds added
to the. medium were vitamins; however, their total concentration was as low as 40 !lglliter.
The time course of ferrous iron oxidation in a chemolithotrophic freshwater enrichment
culture is shown in Fig. I. Ferrous iron was not oxidized in nitrate-free controls in
complete medium without inoculum, or with heat-inactivated (10 min at 80°C) cells
(Fig. I ). With nitrite (2 roM) in the absence of cells, an initial fast oxidation offerrous iron
(approximately I roM within I day) was observed, which then continued only very
slowly; 10 18 days of incubation only, 3 roM ferrous iron was oxidized. The chemical
oxidation of ferrous iron with N20 (50 mI!Iiter) was not observed.
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Attempts to isolate iron-oxidizing, nitrate-reducing bacteria have so far led to the
isolation of three different gram-negative strains that are able to oxidize ferrous iron
(Table I). One brackish water isolate and one freshwater isolate (strains HidR2 and
B£O I, respectively; inoculum size, 4%, [vol/vol]) oxidized 60% of the added ferrous iron
within 7 to 10 days if an organic substrate such as acetate was provided at a low
concentratiort(~1 roM). Without acetate, less than half of the added iron was oxidized
within 4 weeks. Another freshwater isolate, strain B£02, qxidized ferrous iron almost
completely within 3 weeks in the absence of organic substrates. The addition of 0.5 roM
fumarate allowed iron(II) oxidation within I week. A nitrate reducer which oxidized
ferrous iron as rapidly as the lithotrophic enrichment culture (Fig. I) has not be isolated
so far. All isolates were able to grow well on various organic acids in the presence of
nitrate (Table I) or oxygen. The main product of nitrate reduction by the enrichment
culture and the new isolates was dinitrogen, as demonstrated by gas chromatography
(detection by thermal conductivity) of cultures grown under a head space of He-COz
(90: 10 [vol/vol]). The formation of ammonium was not detectable. In the lithotrophic
enrichment culture, the molar ratio of formed iron(IIl) to reduced nitrate was I : 0.22,
which is in good agreement with the expected stoichiometry of ferrous iron oxidation
according to the following equation: 10 FeCal + 2 NOl- + 24 HzO ~ 10 Fe(OH)l + Nz +
10 HCO l - + 8 H>. Also, the electron balances in the mixotrophically grown cultures of
strains HidR2 and B£O I (Table I) are in accordance with this equation. In the culture of
strain B£02 (Table I) grown under purely lithotrophic conditions, more nitrate
disappeared than was theoretically expected from the formation of iron(III) and nitrite; one
may speculate that some hitherto unidentified, oxidized nitrogen species, which eventually
form complexes with iron (II), were formed in this culture. The enrichment culture and
the isolates never oxidized more than approximately 80% of the added iron. Nevertheless,
these cultures formed a vivid yellow-brown to orange, rusty precipitate, and there was no
indication of mixed Fe(II)-Fe(IIl) hydroxides as major products, which would have
caused a grayish-green appearance (20). The remaining, nonoxidizable iron(II) was
probably due to compact crystalline forms of iron(II) which were not readily accessible as
growth substrates.
Reducing equivalents are also required for cell synthesis. However, because of
low cell yields, cell synthesis could not be quantified by the analytical methods applied
thus far (3). There was no obvious surplus of electrons in the total electron balance (Fig.
I; Table I) in comparison with the number of electrons of the catabolic reaction (resulting
from the above-described equation); also, this result indicated that the portion of electrons
used for assimilatory reactions was very small. There was no visible cell turbidity in the
culture medium above the precipitated iron minerals. The number of cells which could be



























TABLE 1. Properties of newly isolated iron-oxidizing nitrate-reducing bacteria.
be 5 and 10 mM, and yeast
" The listed compounds were added at concentrations t~een
extract was added at 0.5 gllite;r; the electron acceptor was mtrate.
Symbols: +, utilized; -, not ullhzed. d rived er mol of acetate added, and I
b Stoichoiometrlcally, 8 mol ofl;lectr~ns ~r~ ~e(II1) pBecause of low cell yields, the
mol of electrons per mol of Fe( ) OXI Ize 0 onsid~red here
utilization of electrons for cell syntheSI\~as ~~~ creductionof 0 i mM NO)' to N2 or of
'Stoichiometrically, ,I mM electrons af ~~ , by strain BrG2 ~onsumed 1.2 mM N03-0.5 mM NO)- to N02 · The formallono _224 = 5.9 mM electrons would allow the
and 2.4 mM electrons. _The r8emmMaml~b ~'~heo;eticallY yielding a total consumptIOn of
reductIOn of 5.9 . 0.2 - 1.1 3'





Length by width (~m) 3.5 by I 2 by 0.6
1.5 by 0.6








oxidizing phototrophic bacteria (3, 24). Determining cell numbers by microscopy was not
reliable because the majority of cells was closely associated with the inorganic particles.
The capacity for anaerobic iron oxidation was also tested with some other, previously
described strains of denitrifying bacteria. Strains LP-l and AR-l, which had been
originally isolate.? with aromatic substrates and nitrate (8), oxidized more than half of the
ferrous iron in the presence of I mM acetate within I week. Strain ToNI, which had been
isolated with toluene (19), and Thiobacillus denitrificans' as well as Pseudomonas stutzeri
oxidized ferrous iron under autotrophic conditions within 8 weeks. In contrast,
Thiomicrospira denitrificans and Paracoccus denitrificans were unable to oxidize ferrous
iron within 12 weeks.
Strains BrG I, BrG2, ToN I and Thiobacillus denitrificans were able to oxidize black
ferrous sulfide (5 mmol FeS and 10 mM NaN03 were added per liter). The black color
disappeared within 3 weeks, and a beige sediment was formed.
The observed microbial oxidation of ferrous iron with nitrate is in agreement with
bioenergetic considerations. At a pH of 7 in the presence of CO2 and HC03' as a naturally
important buffer system, the prevailing forms of ferric and ferrous iron are Fe20 3
hydrates and FeC03, respectively, which under the given conditions constitute a redox
pair with a redox potential of around +0.1 V (9, 19,24,25). All redox pairs of the nitrate
reduction pathway are much more positive (Eo' values: N03--N02-, +0.43 V; N02'-NO,
+0.35 V; NO-Np, +1.18 V; Np-N 2, +1.35 V [22]) and hence energetically favourable
electron acceptors for ferrous iron oxidation.
The reduction of nitrate by ferrous iron to various oxidation states of nitrogen ranging
from nitrite to ammonia was previously demonstrated to occur as an abiological reaction
in bicarbonate-free systems at a pH of ?7 in the presence of catalytic concentrations of
copper ions (? I 0 ~M [2]). In addition, nitrite and nitrous oxide were chemically reduced
by ferrous iron (14, 16). In the bicarbonate-eontaining medium with extremely low
concentrations of added copper (~O.l ~) used by us, only the process of biological
reduction was significant. Activities such as those exhibited by the enrichment and pure
cultures may be responsible for the occurrence of anaerobic ferrous iron oxidation in
suboxic zones of aquatic sediments (7) where conditions are considered to be
unfavourable for chemical nitrate reduction (2). Since even nitrate reducers which had
never previously been grown in iron media exhibited the capacity for ferrous iron


































' disappeared (mM) 2.3 2.0
N0
2
' formed (mM) 0.0 0.0
Theoretical N03- reduction (mM)' 2.4 2.0
Acknowledgements. We thank Armin Ehrenreich, Eric Epping, and Ralf Rabus for
helpful advice. This work was supported by the Max-Planck-Gesellschaft and the
Deutsche Forschungsgemeinschaft.
65
Corresponding author: Friedrich Widdel
REFERENCES
I. Blake, R. C., II, E. A. Shute, M. M. Greenwood, G. H. Spencer,
and W. J. Ingledew. 1993. Enzymes of aerobic respiration on iron. FEMS
Microbiology Reviews. 11:9-18.
2. Buresh, R. J., and J. T. Moraghan. 1976. Chemical reduction of nitrate by
ferrous iron. J. Environ. Qua!. 5:320-325.
3. Ehrenreich, A., and F. Widdel. 1994. Anaerobic oxidation of ferrous iron
by purple bacteria, a new type of phototrophic metabolism. App!. Environ
Microbio!. 60:4517-4526.
4. Ehrlich, H. L., W. J. Ingledew, and J. C. Salerno. 1991. Iron- and
manganese-oxidizing bacteria, p. 147-170. In 1. M. Shively and L. L. Barton
(ed.), Variations in autotrophic life. Academic Press, London.
5. Emerson, D., and N. P. Revsbech. 1994. Investigation of an iron-
oxidizing microbial mat community located near Aarhus, Denmark: field studies.
App!. Environ. Microbio!. 60:4022-4031.
6. Emerson, D., and N. P. Revsbech. 1994. Investigation of an iron-
oxidizing microbial mat community located near Aarhus, Denmark: laboratory
studies. App!. Environ. Microbio!. 60:4032-4038.
7. Froehlich, P. N., G. P. Klinkhammer, M. L. Bender, N. A.
Luedtke, G. R. Health, D. Cullen, P. Dauphin, D. Hammond, B.
Hartman, and V. Maynard. 1979. Early oxidation of organic matter in pelagic
sediments of the eastern equatorial Atlantic: suboxic diagenesis. Geochim.
Cosmochim. Acta. 43: 1075-1090.
8. Gallus, C., and B. Schink. 1994. Anaerobic degradation of pimelate by
newly isolated denitrifying bacteria. Microbioloy. 140:409-416.
9. Garrels, R. M., and C. L. Christ. 1965. Solutions, minerals and equilibria.
Harper & Row, New York.
10. Greenberg, A. E., L. S. Clesceri, and A. D. Eaton (ed.). 1992.
Standard methods for the examination of wat~r and wastewater. American Public
Health Association, Washington, D.C.
II. Greenwood, N. N., and A. Earnshaw. 1984. Chemistry of the elements.
Pergamon Press, Oxford.
12. Hallbeck, L., and K. Pedersen. 1991. Autotrophic and mixotrophic growth
of Gallionellaferruginea. J. Gen. Microbio!. 137:2657-2661.
13. Hanert, H. D. 1989. Genus Gallionella Ehrenberg 1838,I66AL, p. 1974-1979.
In J. T. Staley, M. P. Bryant, N. Pfennig, and J. G. Holt (ed.), Bergey's manual














Hansen, H. C. B., O. K. Borggaard, and J. S~rensen. 1994.
Evaluation of the free energy of formation of Fe(II)-Fe(Ill) hydroxide-sulphate
(green rust) and its reduction of nitrite. Geochim. Cosmochim. Acta. 58:2599-
2608.
Lovley, D. R. 1993. Dissimilatory metal reduction. Annu. Rev. Microbio!.
47:263-290.
Moraghan, J. T., and R. J. Buresh. 1976. Chemical reduction of nitrite
and nitrous oxide by ferrous iron. Soil Sci. Soc. Am. J. 41:47-50.
Myers, C. R., and K. H. Nealson. 1988. Microbial reduction of
manganese oxides: interactions with iron and sulfur. Geochim. Cosmochim. Acta.
52:2727-2732.
Nealson, K. D., and D. Saffarini. 1994. Iron and manganese in anaerobic
respiration. Annu. Rev. Microbio!. 48:311-43.
Rabus, R., and F. WiddeI. 1995. Anaerobic degradation of ethylbenzene and
other aromatic hydrocarbons by new denitrifying bacteria. Arch. Microbio!.
163:96-103.
Schwertmann, U., and R. M. Cornell. 1991. Iron oxides in the laboratory.
VCH, Weinheim.
Stumm, W., and J. J. Morgan. 1981. Aquatic chemistry, 2nd ed. Wiley
Interscience, New York.
Thauer, R. K., K. Jungermann, and K. Decker. 1977. Energy
conservation in chemotrophic anaerobic bacteria. Bacterio!. Rev. 41: 100-180.
Van Heeke, K., O. Van Cleemput, and L. Baert. 1990. Chemo-
denitrification of nitrate-polluted water. Environ. Pollut. 63:261-274.
Widdel, F., and F. Bak. 1992. Gram-negative mesophilic sulfate-reducing
bacteria, p. 3352-3378. In A. Balows, H. G. Triiper, M. Dworkin, W. Harder,
and K.-H. Schleifer (ed.), The prokaryotes, 2nd edn. Springer, Berlin Heidelberg
New York.
Widdel, F., S. Schnell, S. Heising, A. Ehrenreich, B. Assmus, and
B. Schink. 1993. Ferrous iron oxidation by anoxygenic phototrophic bacteria.
Nature. 362:834-836.
Wood, P. M. 1988. Chemotithotrophy. In C. Anthony (ed.), Bacterial energy
transduction. Academic Press, London.
66 67
69
System. Appl. Microbial. 20: 301-309; 1997
Berit E. E. Buchholz-Cleven, Birgit Rattunde, and
Kristina L. Straub
3..{
Screening for Genetic Diversity of Isolates of
Anaerobic Fe(II)-oxidizing Bacteria Using DGGE
and Whole-cell Hybridization
Abstract
Nitrate-reducing bacteria, which grow anaerobically with Fe(II) as
electron donor, were isolated from freshwater mud samples. Since
extensive phylogenetic and physiological characterization of multiple
strains is very time-consuming and labour-intensive, the isolates were
first screened for genetic diversity by denaturing gradient gel
electrophoresis (DGGE) and whole-cell hybridization. DGGE analysis of
16S rDNA fragments amplified from 12 strains indicated that three
different types of bacteria had been independently isolated (type A-C).
Whole-cell hybridization with domain- and group-specific oligonucleotide
probes suggested that the type-A and -C isolates were members of the ~­
subdivision of the Proteobacteria. The type-B isolates hybridized only
with the bacterial probe but not with any of the probes specific for the a-,
~- or y-Proteobacteria. Based on these results representative strains of
each type were chosen for further phylogenetic characterization using 16S
rDNA sequencing. This analysis confirmed that the type-A and -C isolates
were members of the ~-Proteobacteria. The type-B isolate was shown to
be a member of the Xanthomonas group of the y-Proteobacteria. Our
results demonstrate that probe GAM42a (specific for y-Proteobacteria;
Manz et aI., 1992) does not hybridize to the 23S rRNA target sequence 0 f
this group of deep branching y-Proteobacteria: this was confirmed by
hybridization experiments with Xanthomonas jragariae, which also failed
to hybridize to this probe. 23S rDNA sequence analysis revealed that
probe GAM42a has one mismatch with the target sequence of the type-B
isolate and two mismatches with the target sequence of X. jragariae.
Furthermore it was shown that double stranded DNA fragments of 626 bp
length, which differed by as many as two to three nucleotides were not
separated by DGGE. This suggested that rDNA fragments of closely
related bacteria (99.8% sequence similarity or more) are not resolved by
DGGE. We propose that the combined use of DGGE and whole-cell




The role of microorganisms in the global transformation of organic and inorganic
matter is a central question addressed by microbial ecology. Studies aiming to answer this
question make use of different approaches and techniques: the identification,
quantificatiOl{and characterization of microbes is investigated by the combined use of
culture-based and molecular techniques; environmental parameters and turnover rates are
studied by geochemical analyses and the application of microsensors (e.g. 25,26, 33).
For the culture-based approach, selective enrichments represent the initial step (10).
From these enrichment CUltures, pure cultures can be isolated and used for unambiguous
studies of the physiology, phylogeny, ultrastructure, molecular biology and ecology of
the isolated organisms. Culture conditions are usually chosen to be habitat-simulating
and/or to favour microbes with a particular metabolic pathway. The isolation procedure
via agar dilution series or successive streaking on plates often leads to the isolation of
numerous strains. Extensive phenotypic and genotypic characterization of multiple
isolates is time-consuming, fastidious work; it is therefore frequently necessary to select a
few representative strains for subsequent detailed studies. Strain selection is usually based
on macroscopic characteristics (eg. colony shape and colour) and morphological
characteristics of the isolated microorganisms. However, the phenotypic similarity of
microorganisms is in sharp contrast to their genetic diversity and does not allow valid
phylogenetic characterization (37). Studies of the phylogenetic relationships among
microorganisms by l6S rRNA sequence analysis have, for example, shown that microbes
which exhibit different morphologies can be distantly related, closely related (2) or even
be identical in terms of their 16S rRNA sequence (35). Phenotypic characterization alone
is therefore inadequate to guarantee a selection of strains which represents the genetic
diversity of the isolated microorganisms. The major criticism of the traditional cultivation
techniques is that usually only a small fraction of the microorganisms making up a natural
microbial population can be cultivated. This is mainly due to cultivation conditions which
fail to simulate natural conditions and therefore do not meet the requirements of many
(active or dormant) microorganisms (3). In addition, it is likely that many (diverse)
species were not detected by previous studies due to the inadequate phenotypic selection
procedure described above. For this reason a screening method is required which allows
the fast and reliable determination and selection of genetically diverse isolates.
Besides gaining a better understanding of microbial diversity in nature, it is of great
interest to know the distribution of a certain metabolic pathway among microorganisms: is
the studied metabolic type restricted to a small defined group of microbes or is it common
among many different phylogenetic groups of microorganisms? A knowledge of the
phylogenetic distribution of a certain metabolic activity among prokaryotes, will allow us,
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to assess its ecological significance and evolutionary history. Moreover, it will provide
further insights into prokaryotic evolution and geological changes in general (37)
Complete phylogenetic characterization of many isolates by 16S rRNA sequence
analysis is too labour-intensive and time-consuming to allow fast screening of many
strains. We have used denaturing gradient gel electrophoresis (DGGE) of PCR-amplified
l6S rDNA fragments to determine the genetic diversity of isolates of Fe(Il)-oxidizing
denitrifiers. Denaturing gradient gel electrophoresis is a technique that allows the
separation of DNA molecules that are identical in size but differ in nucleotide sequence
(20-22, 28). The separation is based on the fact that DNA molecules differing in base
composition have different melting properties, which cause them to migrate differently in
a polyacrylamide gel containing a linear gradient of DNA denaturants. DGGE has been
used successfully to identify DNA polymorphisms within the human P-globin gene
cluster (28). More recently, DGGE analysis of enzymatically amplified 16S rRNA or
hydrogenase gene fragments has been applied to determine the genetic diversity of natural
microbial communities (16,17,19,33,36). The value of this method lies with its speed
and sensitivity: multiple samples can be analysed simultaneously on one gel and very little
template DNA is needed for PCR amplification.
In addition, the phylogenetic affiliation of the isolated Fe(II)-oxidizing strains was
tested by whole-cell hybridization with domain- and group-specific probes directed
against the ribosomal RNA. Fluorescently labelled, rRNA-targeted oligonucleotide probes
have been used to identify whole fixed bacterial cells in various environments: the
application of this technique has recently been reviewed by Amann et aI. (3).
The bacterial strains used in this study were enriched and isolated from freshwater mud
samples under anaerobic denitrifying conditions with Fe(II) as the sole electron donor, or
as additional electron donor in the presence of acetate (30). It was suggested by Straub et
al. (30), that activities such as those exhibited by the isolated organisms may contribute
significantly to Fe(III) formation in the suboxic zone of aquatic sediments.
In the present study, we examined the genetic diversity amongst 12 individual isolates
of anaerobic Fe(II)-oxidizing bacteria by the combined use of DGGE and whole-cell
hybridization. Potential uses and limitations of both techniques will be discussed. In
addition we report the sequence analyses of the SSU-rRNA genes and the inferred




Organisms and growth conditions. Freshwater sediment samples taken from the
town area of Bremen (Germany) were used as inoculum for enrichment cultures.
Anaerobic ferrous iron oxidizing bacteria were isolated via agar dilution series under
anaerobic, c!imolithoautotrophic conditions using Fe(ll) as sole electron donor and
nitrate as electron acceptor. The composition of the media, enrichment and isolation
procedures are described elsewhere (30). Strains BIDI to BID9 and strains BIDA, BIDE
and BIDL were isolated in two independent isolation procedures from samples collected
in October 1993 and 1994, respectively. Pure cultures were grown in AC Broth (Difco
Laboratories, Detroit, Michigan, USA) at 28°C and maintained on solid medium
containing 1.5% (wt/vol) agar.
Whole-cell hybridization. Fresh colonies were scraped from plates and fIXed in
4% paraformaldehyde in phosphate buffered saline (PBS) for 1-2 h at 4°C. Fixed cells
were spotted on gelatine coated microscope slides, air-dried for 2 h, and dehydrated in
50%, 80% and 96% (voVvol) ethanol (3 min each). The following oligonucleotide
probes were used: EUB338 (I), ALFlb, BET42a and GAM42a (13). Probes EUB338
and ALFlb are complementary to regions of the 16S rRNA specific for members of the
domain Bacteria and the a-subclass of the Proteobacteria, respectively. Probes BET42a
and GAM42a are specific for members of the P- and y-subclasses of the Proteobacteria
and hybridize to complementary regions of the 23S rRNA. Oligonucleotides labelled with
tetramethylrhodamine-5-isothiocyanate (TRITe) or fluorescein-5-isothiocyanate (FITC)
were synthesized by Biometra (Gottingen, Germany). Prehybridization, hybridization and
washing steps were performed as described previously (26). Formamide was used at
concentrations of 20% for probes EUB338 and ALFlb or 35% for probes BET42a and
GAM42a. Fluorescence was detected with a Zeiss Axioplan epifluorescence microscope
equipped with the Zeiss filter sets numbers 10 and 15.
Primers. For PCR amplification and 16S rDNA sequence analysis, primers to
conserved regions of the 16S rRNA were used. Primer sequences and target sites are
listed in Table 1. Primer 34lF-clamp has at its 5'-end a 40 nucleotide GC-rich sequence
(GC-clamp; 28). For DGGE analysis the variable regions V3-V5 of 16S rDNA
(corresponding to positions 341 to 926 in Escherichia coli) were amplified with a
combination of primers 341 F-clamp (specific for Bacteria) and 907R ("universal" pimer)
(18, 19). Template DNA for sequence analysis was obtained by PCR with the primer
combination 8F/l492R. Primers 8F, 518F, 787R, 1175R and 1099F were used as
sequencing primers (II). For 23S rDNA sequence analysis the primer combination 256F
(5'-AGTAGYGGCGAGCGAA-3') and 1608R (5'-CYACCTGTGWAGGTIT-3') was
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used to amplify template DNA, primers 577F (5'-GCGTRCCTITTGTAKAATG-3') and
1091R (5'-RGTGAGCTRTTACGC-3') were used as sequencing primers (II).
• The R (reverse) and F (forward) designations refer to orientation in relation to the
rRNA.
b Escherichia coli numbering (5).
PCR template preparation. PCR template DNA was prepared by the rapid lysis of
bacterial cells and the liberation of DNA into the supernatant. Scrapings of colonies from
plates or pellets from 1-2 mlliquid cultures of strains were washed once in I mI PBS.
The pellet was resuspended in 10 III lOx PCR buffer (100 mM Tris-HCI [pH 9], IS mM
MgCI2, 500 mM KCl, 0.1% [wt/vol] gelatin, 1% [voVvol] Triton X-lOO) and 55 III
sterile water (Sigma Chemicals Co., Ltd.) and subjected to freeze-thawing. The
suspension was then mixed with 5 III lysozyme (5 mg mI· l) and incubated for 30 min at
37°C; 10 III 200 mM DTT, 10 III 0.01 % SDS and 10 III Proteinase K (20 U mg· l ; 10 mg
mI'l) were added and incubated at 55°C for 30 min. The cell debris was pelleted by brief
centrifugation. Between 0.1-2.0 III of the supernatant contained sufficient DNA for a
successful PCR amplification. The supernatant from this cell lysate can be stored at
-20°C for over one year and retain sufficient DNA for a PCR template.
Primer' Sequence
PCR amplification of rRNA genes. PCR amplifications were performed with a
Techne Cyclogene Temperature Cycler (Techne, Cambridge, United Kingdom) as
follows: 0.1 to 2.0 III of cell lysate, 50 pmol each of the appropriate primers, 25 nmol of
each deoxyribonucleoside triphosphate, and 10 III of lOx PCR buffer were added to a
0.5-ml voluTe test tube, which was filled to a volume of 100 III with sterile water
(Sigma Chhnicals Co., Ltd.) and overlaid with two drops of mineral oil (Sigma
Chemicals Co., Ltd.).
Amplifications were performed as described previously (19). To minimize non-specific
annealing of the primers to nontarget DNA, the SuperTaq DNA polymerase (HT
Biotechnology, Ltd., Cambridge, United Kingdom) was added to the reaction mixture
after the initial denaturing step (95°C, 5 min), at a temperature of 80°C. For primer
combinations 8F/1492R and 256F/1608R the cycles used were as follows: I cycle at 95°C
for 5 min, at 80°C for I min, at 4Q°C for I min and at noc for 3 min followed by 33
cycles at 95°C for I min, at 40°C for I min and at noc for 3 min and I cycle at 95°C for I
min, at 4Q°C for I min, at noc for 10 min and a final incubation at 15°C. Using the
primer set 34IF-clamp/907R a "touchdown" PCR (6) was performed to increase the
specificity of the amplification and to reduce the formation of spurious by-products. The
annealing temperature was set 10°C above the expected annealing temperature (65°C) and
decreased by 1°C every second cycle until a touchdown of 55°C, at which temperature 14
additional cycles were carried out. Samples were denatured at 95°C for I min, primer
extension was carried out at 72°C for 3 min. After a final primer extension at noc for 10
min, the samples were incubated at 15°C. The amplification products were checked for the
correct size by electrophoresis in 2% (wt/vol) Seakem agarose (FMC) gels containing
ethidium bromide (0.5 Ilg mf ' ).
DGGE analysis. DGGE was performed with a Bio-Rad D Gene™ System, as
described previously (17, 18). PCR samples were applied directly onto 6% (wt/vol)
polyacrylamide gels in 0.5x TAE (20 mM Tris-acetate [pH 7.4], 10 mM acetate, 0.5 mM
NlI:2EDTA) with gradients which were formed with 6% (wt/vol) acrylamide stock
solutions (acrylamide, N,N'-mehylene-bis-acrylamide, 37: I) which contained 0 and
100% denaturant (7 M urea and 40% [voVvol] formamide, deionized with AG501-X8
mixed bed resin [Bio-Rad laboratories, Inc.]). Electrophoresis was performed for 4 h at a
constant voltage of 200 V and a temperature of 60°C. After electrophoresis, the gels were
incubated for 15 min in Milli-Q water containing ethidium bromide (0.5 mg 1. 1), rinsed for
10 min in Milli-Q water, and photographed with UV transillumination (302 nm) with a
































TABLE 1. Primer sequences and target sites.
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168 and 238 rDNA sequence analysis. The 16S rRNA genes of strains BrG I,
BrG4 and BrG5 were sequenced as follows: PCR products amplified with primers 8F
and 1492R were purified by using the Qiaquick Spin PCR Purification kit (Qiagen Inc.)
as described by the manufacturer. The Taq DyeDeoxy Terminator Cycle Sequencing Kit
(Applied Biosystems, Foster City, Calif.) was used to directly sequence the PCR
products, according to the protocol provided by the manufacturer. The sequence reactions
were electrophoresed on the Applied Biosystems 373S DNA Sequencer. Sequences of
strains BrG I, BrG2 and BrG3 were obtained in a similar way as described by Rainey et
al. (24). The sequence data in this publication have been submitted to the GenBank
database (4) under the accession numbers U51101 to U51105. Sequence U51101 is a
consensus sequence determined from replicated sequences of strain BrG I. 23S rDNA
sequences of strains BrG3 and Xanthomonas fragarine DSM3587 were obtained as
described above, using primers 256F and 1608R for amplification of template DNA. The
partial 23S rDNA sequences of strain BrG3 and X. fragarine are available under the
GenBank accession numbers U60339 and U60338, respectively.
Phylogenetic analysis. 16S rRNA sequences of the Fe(II)-oxidizing bacteria were
aligned to those of other bacteria obtained from the EBI sequence databases (7) and the
Ribosomal Database Project (RDP) database (12). The SIMll.ARITY_RANK tool of the
RDP database was used to search for close evolutionary relatives. Sequence alignments
were prepared with the sequence alignment editor SeqApp (9). Sequence similarities and
distance matrices were determined using PAUP (Phylogenetic Analysis Using Parsimony;
31); gaps were treated as missing nucleotides. From these distance matrices phylogenetic
trees were inferred using the same program. Bootstrap analysis was performed using the
program Seqboot (Software package Phylip 3.5c developed by Felsenstein, 8) to validate
the reproducibility of the branching pattern. Bootstrap values in the phylogenetic tree are
based on 100 resamplings. Phylogenetic trees, created with the software package Phylip




DGGE analysis and whole-cell hybridization. Using selective enrichment
cultures and agar dilution series, 12 Fe(II)-oxidizing, nitrate-reducing strains were
isolated. Strai!1s BrG I to BrG9 were isolated from sediment samples taken in October
1993, strain1.BrGA, BrGE and BrGL were isolated in a second independent isolation
procedure from material taken one year later in October 1994. Based on morphology only
two different types of isolates could be distinguished: strains BrG2 and BrGE were
slightly curved rods while the remaining 10 strains were straight rods (Table 2). In order
to obtain information on the genetic diversity of the microbial isolates, their 16S rRNA
genes were amplified by PCR and analysed by denaturant gradient gel electrophoresis.
DGGE analysis of the enzymatically amplified 16S rDNA fragments, comprising 626 bp
(position 341 to 926 plus 40 bp GC clamp), on a gradient gel containing 20-70%
denaturant revealed three different types of DGGE bands (A-C, Fig. I and Table 2).
TABLE 2. Results of DGGE analysis and whole-cell hybridization with fluorescently
labelled oligonucleotide probes directed against 16S and 23S rRNA.
Hybridization with probe:
Strains Morphology Type of EUB338 ALFlb BET42a GAM42a
DGGE
band
BrG2 slightly curved rod A + +
BrGE slightly curved rod A NO NO NO NO
BrG3 rod B +
BrGA rod B +
BrGl rod C + +
BrG4 rod C + +
BrG5 rod C + +
BrG6 rod C + +
BrG7 rod C + +
BrG8 rod C + +
BrG9 rod C + +
BrGL rod C NO NO NO NO
NO, Not determined.
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FIG. 1. DGGE analysis of peR-amplified 165 rDNA fragments (position 341.-926) [rol~~
isolates of Fe/Il)-oxidizing bacteria. The fIgure shows an ethldlUm bromIde stamed gbe. ; t d
• \ 001 f t bottom Gene fragments were 0 tamedenaturant gradient gel was 20-7 10 rom top 0 . BrG6 B G5 B G7 B 'G8 BrG9
from the following strains BrGE, BrG2, BrG3, BrG4, BrG I, ,I'; r. . I " . '.
BrGL BrGA and BrG4 (lane 1-13). Fragments showing the same lnlgratlon~l be l~VIOlH
were placed into the same group, fragments which dIffered m their mlgratlol1<l1 behavloul
were placed into different groups (A-C).
Type-A included the fragments of two strains, BrG2 and BrGE, which ran with the smne
electrophoretic mobility. Type-B was also represented twice, by the fragments of strall1s
BrG3 and BrGA, which migrated through the gradient to a position just above the type-A
fragments. Fragments of the remaining eight strains, designated type-C, were the most
abundant and migrated to a position above the type-A and type-B fragments. Fragments
of all 12 strains showed the same migration behaviour on a narrower gradient gel
containing 25% to 50% denaturmJt (results not shown).
DGGE analysis of the isolates obtained during the second independent isolation
procedure, suggested that one year after the first successful isolation of Fe(il)-oxidizing
denitrifiers, exactly the same types of organisms were isolated. This demonstrated the
reproducibility of the isolation procedure.
A B c Be
The phylogenetic affiliation of the isolated strains was tested by whole-cell
hybridization with probes designed for different taxonomic levels. Probe EUB338,
specific for the domain Bacteria hybridized with all strains tested (Table 2). Isolates of the
DGGE type-A mJd -C also hybridized with probe BET42a suggesting that they are
members of the ~-subclass of the Proteobacteria. Cells of the DGGE B-type, strains
BrG3 mJd ~raA, hybridized clearly with the bacterial probe, but showed only a very
weak fluorescent signal with probe GAM42a relative to probe EUB338: cells of the y_
Proteobacterium E. coli gave mJ equally strong signal with probe GAM42a mJd probe
EUB338. Similar results were obtained using the hybridization protocol described by
Manz et al. (13). From this it was concluded that strains BrG3 mJd BrGA are members of
the domain Bacteria but not of the a-, ~- or y-subclass of the Proteobacteria.
Comparative 168 rDNA sequence analysis. The results described above
indicated that three, genetically different types of Bacteria had been isolated. One
representative of each DGGE type, strain BrG I, BrG2 mJd BrG3, was chosen for
physiological characterization (29, 30) mJd 16S rONA sequencing. The classification of
the isolated strains into DGGE type A, B or C was based on the assumption that double-
stranded 16S rONA fragments which show the smne electrophoretic mobility have
identical DNA sequences, while fragments of different sequence show a different melting
behaviour and therefore a different migration behaviour in the gel. To test this
assumption, the l6S rRNA genes of two additional type-C strains, BrG4 mJd BrG5, were
sequenced.
Sequences were obtained by in vitro amplification of 16S rONA fragments comprising
1500 positions followed by direct sequencing using nested primers complementary to
conserved regions of 16S rRNA. The l6S rONA sequences obtained by this method,
were compared to those of the EMBL sequence database mJeI the Ribosomal Database
Project (RDP) database.
Comparative sequence mJalysis confirmed that the isolates BrG I, BrG4, BrG5 mJd
BrG2 are all, as indicated by the results of whole-cell hybridization, members of the ~_
subclass of the Proteobacteria (Fig. 2). The closest relatives of strains, BrG I, BrG4 mJd
BrG5, were members of the Rubrivivax group (as defined by the RDP). BrG I showed
94.1 % mJd 93.8% sequence similarity with Rhodoferax fermentans mJd Comamonas
testosteroni , respectively (Table 3). Strain BrG2 was most closely related to Rubrivivax
gelatinosl/s, Leptothrix discophora, and Sphaerotilus natans with 95.8%, 95.0% mJd
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TABLE 3. Sequence similarity between 16S rDNA sequences of Fe(II)-oxidizing bacteria and other @- and y-Proteobacteria.
...
Organisms 1 2 3 4 5 6 7 8 9 10 11 12 13 ~14 15 16
I A. indigens
2 R. tenuis 91.0
3 BrGI 88.3 89.9
4 R. fernlentans 88.0 89.0 94.1
5 C. testosteroni 88.7 87.6 93.8 92.0
6 BrG2 88.5 89.8 91.6 92.4 90.3
7 R. gelatinosus 88.5 90.1 93.2 91.1 91.1 95.8
8 L. discophora 89.6 90.7 93.1 91.5 91.2 95.0 97.0
00
9 S. natans 89.1 89.9 92.7 91.6 90.6 94.6 95.3 96.5
10 PVB OTUI 84.1 82.4 83.5 83.2 83.1 84.1 84.1 84.2 85.5
II BrG3 85.0 84.1 83.3 83.4 82.7 83.5 84.1 84.7 85.5 92.8
12 X fastidiosa 83.6 83.4 83.5 83.5 82.9 82.9 83.8 84.1 84.6 92.6 93.3
13 X maltophilia 85.2 84.5 83.5 83.5 83.5 84.6 84.3 84.3 85.9 94.4 93.8 94.0
14 Xfragariae 84.4 82.7 82.8 82.8 82.4 82.8 83.5 83.6 84.6 94.7 94.3 95.0 96.6
IS T. hydrothermaLis 84.9 84.3 81.8 81.0 82.4 81.9 82.8 82.4 82.4 85.9 85.3 84.7 85.5 86.5
16 E. coLi 82.8 81.5 80.5 80.5 80.9 79.6 80.1 80.3 79.8 82.4 81.9 82.0 81.8 83.0 83.8
Full species names are given in Fig. 2. Compared sequences ranged from position 48 to postion 1489 corresponding to the E. coli
numbering. Sequences were aligned and similarities between sequence pairs were deteremined with PAUP, gaps were treated as
missing nucleotides.
Strain BrG3 was affiliated with the Xanthomonas group (as defined by the RDP) of
the y-Proteobacteria (similarity values ranged from 93.3% to 94.3%, Table 3, Fig. 2). In
addition, BrG3 was related to the PVB OTU I and PVB OTU 11 group (92.8% sequence
similarity), a cluster of 16S rDNA clones, which were retrieved from a microbial mat at
Pele's Vents, an active, hydrothermal vent system located at Loihi Seamount, Hawai
(15). Cluster PVB OTUI and PVB OTUII were shown by Moyer and collegues (15) to
be members of the Xanthomonas group, which is contained phylogenetically near the root
of the y-subdivision of the Proteobacteria. In contrast to these findings, which suggest
that BrG3 is a member of the y-Proteobacteria, whole-cell hybridization with probe
GAM42a resulted in a very weak hybridization signal. The strong fluorescent signal
obtained with the bacterial probe, however, suggested free permeability of the probe
through the cell wall, as well as a sufficiently high ribosome content of the BrG3 cells. A
more likely explanation for this weak signal is that probe GAM42a has one or more
mismatches within the 23S rRNA target region of strain BrG3 which prevented strong
probe binding. Whole-cell hybridization of Xanthomonas jragariae DSM3587 with probe
EUB338 and GAM42a gave similar results, as those with strain BrG3, i.e., a positive
signal with the bacterial probe, but no hybridization signal with the y-probe. This
suggested that these deep branching y-Proteobacteria differ from other members of the y-
subdivision at the site in their 23S rRNA that represents the target sequence for probe
GAM42a. Subsequent 23S rDNA sequence analysis revealed that the 23S rRNA target
sequences of strain BrG3 and X. jragariae have indeed one and two mismatches,
respectively, with probe GAM42a (Fig. 3).
genus Planctomyces, which differ in morphology, were shown to have identical 16S
rDNA sequences (35). The rod-shaped strain BrG 1 showed 91.6% 16S rDNA sequence
smulanty with the slightly curved rod-shaped strain BrG2, but showed only 83.3%
sl.milanty WIth the rod-shaped strain BrG3 (Table 3). Without screening for genetic
dIverSity, the less abundant rod-shaped DGGE type-B isolates, strains BrG3 and BrGA,
would have(been missed, leaving the impression that the Fe(m-oxidizers isolated were
confined to the Rubrivivax group within the ~-subdivision of the Proteobacteria.
As mentioned above, the 16S rRNA genes of two additional DGGE type-C strains,
BrG4 and BrG5, were sequenced to test the assumption that fragments with the same
migration behaviour have identical sequences. It has been shown previously that DGGE
analysis can be used to detect single base pair changes (20-22, 28). However, the
detection of single base pair substitutions depends on the length of the fragment, position0: t~e mutation and requires fine tuning of the gradient gel for the particular fragment.
Smlilanty values retrieved for the Fe(II)-oxidizing strains from the nearly complete 16S
rDNA sequences (position 48 to 1489), as well as from the short, 586 bp comprising
fragments (positIOn 341 to 926) which were used for DGGE analysis, are presented in
Table 4. The nearly complete rDNA sequences of strain BrG 1, BrG4 and BrG5 differed
from each other by two to three nucleotides, showing 99.8% to 99.9% sequence
sllrulanty (Table 4, below diagonal). The nucleotide differences were located at position
463, 471 and 524 for BrG1 and BrG4 and at position 463, 471 and 546 for BrG1 and
BrG5. The sequences of BrG4 and BrG5 varied from each other at position 524 and 546.
TABLE 4. Similarity between 16S rDNA sequences of iron-oxidizing bacteria.
FIG. 3. Comparison of the target site of probe GAM42a with the aligned 23S rRNA
sequences of strain BrG3 and Xallthomollas jragariae DSM3587. Mismatches with the
probe target sequence are in bold face.
Strain BrG2 differed morphologically from strains BrG I and BrG3. But,
morphological characteristics are not sufficient to measure phylogenetic relationships.
Bacteria of different shapes are not necessarily distantly related. For example, the species
Fibrobacter succinogenes includes coccoid and rod-shaped strains, showing between
95.3% and 98.1 % l6S rRNA sequence similarity with each other (2). Isolates of the
BrG3BrG4 BrG5 BrG2
Percent similarity with 16S rDNA sequences
BrGl
BrGI 99.5 99.5 94.0 84.0
BrG4 99.8 99.7 93.7 84.2
BrG5 99.8 99.9 94.0 84.2
BrG2 91.6 91.5 91.7 83.6
BrG3 . 833 83.4 83.4 83.5 -
Strain
Sequence slmtlanty between the short l6S rONA fragments which were used for DGGE
analySIS are shown above the diagonal; sequences ranged from position 341 to 926
correspondmg to the E. colt numbenng. Similarity between nearly complete 16S rONA
sequences that ranged from postlOn 48 to 1489 corresponding to the E. coli numberin
are shown ~elow the dla~onal. Sequences were aligned and similarities between sequenc~
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All base substitutions were therefore contained within the fragments that were used for
DGGE analysis (position 341 to 926). Although the rONA fragments differed by two to
three nucleotides the same migration behaviour was observed in the gradient gel (Fig. I ,
lanes 4, 5 and 7). This indicates that rONA fragments showing more than 99.5%
sequence similarity (Table 4 above diagonal) were not separated by DGGE and therefore a
discrimination of fragments of closely related type-C strains was not possible under the
conditions used. In contrast, rONA fragments of distantly related isolates with similarity
values between 83.6% and 94% showed a different migration behaviour and could easily
be distinguished. This resolution by DGGE was ideal for our study which aimed at a
discrimination of distantly related organisms but not at a discrimination of closely related
organisms. In this way we were able to specifically pick out one representative of each
type.
Our findings have an impact on the interpretation of DGGE data obtained for mixed
populations. DGGE analysis has been used as a technique to screen for microbial
diversity in nature (16, 17, 19, 33). For such studies, using the same primer set and
electrophoresis conditions to those described here, it should be kept in mind that the
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As mentioned previously, the aim of this study was to screen for phylogenetically
diverse isolates of Fe(II)-oxidizing bacteria. For this purpose the combination of whole-
cell hybridization and DGGE analysis has proven to be very useful. It was possible to
identify phylogenetically distinct isolates, which could then be subjected to 16S rRNA
sequencing and further physiological characterization (29, 30). Whole-cell hybridization
using the "top to boltom approach" (3) with domain- and group-specific probes provided
a first insight into the phylogenetic affiliation of the isolated organisms. However, since
probe sequences are based on known sequences available in data bases, a negative result
may be misleading. DGGE analysis of PCR amplified 16S rONA fragments is a quick,
reproducible and relatively inexpensive technique: it requires only one set of primers,
crude cell Iysates, which can be prepared from small amounts of cell material and the
facilities to prepare and run gradient gels. An alternative screening method also based on
16S rONA analysis is ARDRA (14, 27). In this technique 16S rRNA genes are amplified
by PCR, digested with restriction enzymes and analyzed by agarose gel electrophoresis.
The gel system is less costly than the DGGE system but the ARDRA technique requires
empirical testing of many different enzymes, a time-consuming and expensive process if
many isolates are to be screened. DGGE analysis has the additional advantage that it can
be applied to mixed populations. It can therefore be used to check cultures for
contamination by other microorganisms, as well as to monitor the isolation procedure by
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Abstract
The anaerobic nitrate-dependent microbial oxidation of ferrous iron was
recently reco~nized as a new type of metabolism. From mesophilic
freshwater sediments of town ditches in Bremen (northern Germany) three
isolates, strains BrG1, BrG2, and BrG3, were obtained. The strains
represented three new genera within the Proteobacteria. To study the
abundance of this new type of metabolism and the abundance of the newly
isolated strains microbiological methods, i.e. enrichment cultures and
MPN dilutions, 'were combined with molecular techniques, i.e. denaturing
gradient gel electrophoresis (DGGE) followed by hybridization-analysis
with species specific oligonucleotide probes. Enrichment cultures. and
MPN dilutions were inoculated with mesophilic freshwater sediment
samples from different European locations. Bacteria with the capaci~Y to
oxidize ferrous iron under nitrate-reducing conditions were detected 10 all
ten sediment samples investigated, independent of the indigenous
concentration of iron in the sediments. In each of the enrichment cultures
at least one type of the previously described strains was detected: Type-
BrGI bacteria were detected in three, type-BrG2 bacteria in two, and
type-BrG3 bacteria in six enrichment cultures. MPN studies showed that
sediments from four different European locations contained from 1 x 10'
to 5 X 108 ferrous iron-oxidizing nitrate-reducing bacteria per gram dry
weight of sediment. The ferrous iron-oxidizing nitrate-reducers accounted
for a maximum of 0.8% of the nitrate-reducers growing with acetate and
for only up to 0.04% of the total bacterial population. The strains B~Gl,
BrG2, and BrG3 formed an even smaller fraction within the ferrous Iron-
oxidizing nitrate-reducing community (0.2% or less). The DGGE patterns
of MPN cultures suggested that more organisms than isolated thus far are
capable of oxidizing ferrous iron with nitrate, and that the nu.merically
dominant organisms have not been isolated yet. For comparison, the
number of anoxygenic ferrous iron-oxidizing phototrophs was also
estimated in MPN dilutions.
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Introduction
Phototrophic purple, non-sulfur bacteria were the first microorganisms recognized that
are able to utilize ferrous iron anaerobically as electron donor (30). Beside the anoxygenic
photosynthesis, the oxidation of ferrous iron coupled to the dissimilatory reduction of
nitrate rcfresents another energetic possibility for microorganisms to utilize ferrous iron
anaerobically as electon donor (II, 13, 26, 27). With freshwater sediment samples from
town ditches of Bremen (northern Germany) a Iithotrophic enrichment culture was
obtained which was supplied with ferrous iron as the only electron donor and nitrate as
the electron acceptor (26). From this enrichment culture, three different isolates, strains
BrG I, BrG2 and BrG3 were obtained; each strain represented a new species and none of
them was affiliated to known genera (4). Although the isolated strains were obtained from
a strictly Iithotrophic enrichment culture, the organisms rather co-metabolized ferrous iron
with an additional carbon source (25, 26).
The ability to enrich and isolate microorganisms provides only information on their
presence but not on their abundance in a sample or habitat. Liquid batch culture
enrichments typically select for fast-growing microorganisms which may not represent the
numerically dominant populations (7, 28). It was shown previously that the dilution of an
inoculum to extinction may favour the recovery of numerically superior populations
which are less fit under enrichment conditions (28). On the other hand, the exclusive use
of molecular techniques in studying the abundance of bacteria in natural samples has
several technical and natural limitations (e.g. I, 10, 14, 22, 23). In a previous study the
development of three species specific oligonucleotide probes targeting the 165 rONA of
the isolated strains BrGI, BrG2, and BrG3 was described (3). The direct molecular
detection of strains BrG I, BrG2, and BrG3 in sediment samples by using fluorescent in
situ hybridization was not possible due to low fluorescent hybridization signal intensities.
The indirect molecular detection of the isolated strains via DNA extraction and PCR
amplification of 165 rONA segments also failed when cell numbers of the respective
strains were smaller then 3 x 106 per g of wet sediment (3).
For these reasons microbiological methods were combined with molecular techniques
in order to study the abundance of lithotrophic and mixotrophic ferrous iron-oxidizing
nitrate-reducers in different European freshwater sediments. The presence and the
numbers of ferrous iron-oxidizing nitrate-reducers were determined with enrichment
cultures and by most probable number (MPN) dilutions, respectively. Enrichment
cultures and cultures from MPN dilutions were then submitted to molecular analysis.
Genomic DNA was extracted from the cultures, and 165 rONA segments were amplified
by PCR. The amplified segments were separated by denaturing gradient gel
electrophoresis (DGGE), blotted onto a membrane and then hybridized with the three 165
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rRNA targeted DNA-probes, specifically developped for strains BrG I, BrG2, and BrG3
(3). The detection of type-BrG I, type-BrG2, and type-BrG3 bacteria was therefore based
on three criteria: (i) The metabolic capacity to oxidize ferrous iron under nitrate-reducing
conditions, (ii) the banding pattern in the denaturing gradient gel, and (iii) the
hybridization with a species specific oligonucleotide probe. Additional molecular
information on ferrous iron-oxidizing nitrate-reducers was obtained through the analysis
of the DGGE banding patterns alone, since each band may represent a different microbial
population (18).
Furthermore the indigenous concentration of the microbial available iron in the
different sediments was determined, and the number of anoxygenic ferrous iron-oxidizing
phototrophs was estimated in MPN dilutions for comparison.
Materials and Methods
Sediment sampling and source of bacteria. For enrichment cultures,
freshwater sediments were collected from eight different locations in Germany: Samples
were obtained from Baden-WUrttemberg (Bebenhausen, Blaubeuren, Lake Con~tance,
TUbingen), Bavaria (Munich), Bremen, Niedersachsen (Bad Rothenfelde), and ThUringen
(Sonderhausen). Samples were collected in autum 1995.
For MPN studies, freshwater sediment samples from Bremen (northern Germany),
TUbingen (southern Germany), Carpi (northern Italy), and Perpignan (southern France)
were used. Sediment samples from Bremen were obtained in November 1995, and June
and October 1996. Sediment samples from TUbingen were collected in June and October
1996, and from Carpi and Perpignan in June 1996. Before sediment samples were
processed further, the samples were sieved and homogenized. To determine the dry
weight of the sediments, wet sediment was dried at room temperature to constant weight.
The nitrate-reducing bacterial strains BrG I, BrG2, and BrG3 (4, 26) were from
subcultures that had been kept in our laboratory since the isolation of these bacteria.
DAPI direct cell counts from sediments. For enumeration of total bacterial
cells, I mI sediment samples were immediately preserved with 3 mI 4% (wtlwt)
paraformaldehyde in phosphate buffered saline (PBS) containing 0.1 % Triton-X 100 and
stored at 4°C. Cells were enumerated by epifluorescence microscopy using the blue
fluorescent dye 4',6-diamidino-2-phenylindole (DAPI; 20). Cells were dislodged from
sediment particles by sonication with a microtip (Desintegrator Sonoplus HD 70,
sonotrode MS73, Bandelin electronic GmbH, Berlin, Germany) as described previously
(8). Diluted aliquots of the sonicated sediment samples were stained for 10 min in
particle-free 5 mI PBS containing I Ilg mI" DAPI (Poyscience Inc., Warrington, USA).
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For counting, cells (and sediment particles) were concentrated on black, 0.2 11m pore
SIze, polycarbonate filters (Nucleopore GmbH TUbingen Germa ) F'lt
' , ny. 1 ers were
mounted with immersion oil. Epifluorescence microscopy was performed with a Zeiss
Axioplan using the filter set no. 01 (Zeiss, Oberkochen, Germany).
Media.. and growth conditions. Techniques for preparation of media and
cultivatioh of bacteria under anoxic conditions have been described elsewhere (29). In the
present study, a defined, bicarbonate-buffered freshwater medium was used; the medium
contained per liter of distilled water 0.3 g of NH.CI, 0.05 g of MgS0
4
• 7Hp, 0.4 g of
MgCI2 · 6 Hp, 0.6 g of KH2PO., and O. I g of CaCI2 · 2Hp. After autoclaving and
cooling under an atmosphere of N/C02 (90/10, [vol/voiD, 30 mI NaHC03 solution (84
gil, autoclaved under CO2), vitamins, an EDTA-chelated mixture of trace elements and a
selenite and tungstate solution (29) were added. The pH was adjusted to 7.0. '
FeSO. was added to culture medium from a 1.0 M anoxic stock solution; upon the
addltlon of FeS04 to the medium (final concentration lO roM) a white'fl ffy ..
. ' u precIpItate,
most hkely consisting of ferrous carbonate and phosphate, formed.
The numbers of ferrous iron-oxidizing nitrate-reducers were estimated with MPN
dilutions in two different approaches: In lithotrophic approaches, the media were supplied
with 10 roM FeSO. as the electron donor and 4 roM NaN03 as the electron acceptor. In
rruxotrophlc approaches 10 roM FeSO., 0.5 roM sodium acetate and 4 mM NaNO were
supplied. To estimate the populations of acetate-oxidizing nitrate-reducers, 2.; mM
sodium acetate and 5 mM NaN03 were added to the media prepared for MPN dilutions.
Culture tubes and bottles were incubated horizontally at 28°C in the dark and gently
shaken every other day to allow an even distribution of bacteria and iron minerals.
The numbers of ferrous iron-oxidizing phototrophs were estimated in MPN dilutions
with media containing lO mM FeSO. as the sole electron donor. To estimate the
population of acetate-oxidizing phototrophs, 5 mM sodium acetate as the sole electron
donor was added to the media prepared for MPN dilutions. Culture tubes were incubated
horizontally on a Plexiglas plate and illuminated with two tungsten lamps (25 W) installed
above and below the cultures at a distance of 30 cm. Culture tubes were incubated at 200C
and gently shaken every other day to allow an even distribution of bacteria and iron
minerals.
Enumeration of viable bacteria. A most-probable-number (MPN) technique was
usedto enumerate viable nitrate-reducing or phototrophic bacteria. Three replicate lO-fold
dilutIOns of the sediment samples were made in the appropriate media. MPN tubes were
incubated for 12 weeks. Tubes containing ferrous iron as electon donor were scored
positive or negative on the basis of the oxidation of ferrous iron; tubes containing only
acetate as electron donor were scored positive or negative on the basis of turbidity.
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Numbers of bacteria per gram dry weight of sediment were then calculated by standard
procedures (6). .
Analytical methods. The concentration of ferrous iron in cultures was quanllfied
photometrically at 510 nm after chelation with 2 mM o-phenanthroline in 0.7 M sodIUm
acetate buffer, pH 5, in a test volume of I mI (modified from ref. 9). Immediately before
withdrawing samples, cultures were agitated to disperse iron precipitates homogeneously.
Samples were taken with anoxic syringes and were immediately acidified with HCI (final
concentration I M). The concentration of ferric iron was determined as just descnbed after
d · 'th 028 M hydroxylammonium chloride; the ferrous iron concentrationre ucllon WI .
determined before reduction was substracted.
The concentration of HCI-extractable iron of the sediments was determined in three
replicates by extracting Ig of fresh sediment in 50 mI 0.5 M Hel for I h at room
temperature. Upon centrifugation, dissolved ferric iron in the aCidic supernatant was
reduced to ferrous iron by addition of 1.5 M hydroxylarnin hydrochlonde m 0.25 M HCl
at a ratio of 1:5 (modified from ref. 16). Ferrous iron was then photometrically quantified
as described above.
The concentration of ammonium ions was quantified by using the indophenol
formation reaction (12).
Nitrate and nitrite were measured by high performance liquid chromatography as
previously described by Rabus and Widdel (21). .
DNA extraction and 168 rDNA PCR amplification. Genorruc DNA was
extracted from sediment samples (5 g), MPN dilutions (10 m1) and enrichment cultures
(10-100 m1) by the SDS-based DNA-extraction method of Zhou et al. (31). For DNA
extraction from MPN dilutions, a reduced volume (2.7 m1) of DNA extraction buffer was
used, only one extraction step was performed and the minicolumn purification step was
omitted.
Enzymatic amplification of the 16S rDNA was performed with 0.05 - 2 III DNA
extract. For DGGE analysis, primers complementary to conserved regions of the 16S
rRNA were used to amplify a 626 bp segment corresponding to positions 341 to 926.in
the Escherichia coli sequence (2). The forward primer 341F-clamp (specific for Bactena;
5'-CCTACGGGAGGCAGCAG-3') contained at its 5'-end a GC-rich sequence of 40
nucleotides (5'-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCC-3 ')
to stabilize the melting behaviour of the DNA segments (24). The universal primer 907R
(5'-CCGTCAATTCCTTTGAGTTT-3') was used as a reverse primer (18, 19). Primers
were synthesized by Biometra (Gottingen, Germany). PCR reactions con~ned 200 Ilg
m1- 1 bovine serum albumine (BSA; Sigma Chemicals Co. Ltd.). peR amplificauons were
performed as previously described (4). Aliquots (5 Ill) of the amplification products were
analyzed by electrophoresis in 2% (wt/vol) Seakem agarOse (FMC) gels.
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DGGE-hybridization analysis. Denaturing gradient gel electrophoresis (DGGE)
was performed with a Bio-Rad D Gene™ System as described (18). After
electrophoresis, the gels were incubated for 15 min in Milli-Q water containing ethidium
bromide (0.5 mg I-I), rinsed for 10 min in Milli-Q water, and photographed with UV
transillumination (302 nm) with a Polaroid MP4+ Instant Camera System. DGGE gels
were ttiIJ electroblotted following the procedure of Muyzer et al. (18). The DGGE-
separated PCR products were transferred to a nylon membrane (Hybond N+, Amersham,
UK) under semi-dry conditions using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad
laboratories GmbH, Munchen, Germany). Subsequent hybridization of the DGGE
patterns with the digoxigenin (DIG) labelled probes FeA830 (5'-
AGCAAGCCGTCCAACAA-3'), FeB631 (5'- TTGCCAGTATCCAGTGCCA -3') and
FeC829 (5'- AAAGTGAATTCCCAACAAC -3') was performea as recently described
(3). Probe FeA830 is complementary to the 16S rRNA region of the type-BrG2 ferrous
iron-oxidizing bacteria; probe FeB63 I is complementary to the 16S rRNA region of the
type-BrG3 ferrous iron-oxidizing bacteria and probe FeC829 is complementary to the
16S rRNA region of the type-BrG I ferrous iron-oxidizing bacteria. All oligonucleotide
probes were synthesized by Biometra (Gottingen, Germany).
Results and Discussion
Enrichment cultures. It was shown previously that it is possible to enrich and
isolate strains BrG I, BrG2, and BrG3 repeatedly from sediments of town ditches in
Bremen with freshwater medium, supplied with 10 mM FeSO. as the only electron donor
and nitrate as the electron acceptor (4). In order to study the occurrence of ferrous iron-
oxidizing nitrate-reducers and to study the geographic distribution of the strains BrG I,
BrG2, and BrG3, freshwater enrichment cultures were started in the described manner
with sediment samples from eight different locations in Germany (Table I). In each
enrichment culture, the oxidation of ferrous iron was observed within 10-14 days. All
enrichment cultures were transferred repeatedly at intervals of two weeks. After four
subsequent transfers the formation of ferric iron occurred in seven enrichment cultures
only in the presence of an organic substrate such as 0.5 mM acetate, similar as described
for the previously isolated strains (26). Only the enrichment culture repeated with a
sediment sample from Bremen continued to grow without the addition of an organic
substrate. similar as described for the previous enrichment culture set up with sediment









FIG. 1. (A) DGGE separation patterns of PCR-amplified 16S rONA segments de' d f~~Jc~Jture~ of strall~~~GI, BrG2, and BrG3, and the enrichment cultures. La:~v~: st~~~
,ane .' stram ; lane 3 : Lake Constance; lane 4 : Blaubeuren; lane 5 : TObin en'
Jane 6,o·MBlIOICh,.ll
ane 7 : Sonderhallsen; lane 8 : Bad Rothenfelde; lane 9 : Bebel1hall~en:
ane . remen, ane 11 : stram BrG3; lane 12 : strain BrG I '

































TABLE 1. Detection of type-BrGI, type-BrG2, and type-BrG3 ferrous iron-oxidizing
nitrate-reducing bacteria in enrichment cultures by DGGE-hybridization analysis, and
concentrations of HCI-hydroxylamine extractable iron.
Molecular analysis of enrichment cultures. In order to investigate for the
presence of the previously isolated ferrous iron-oxidizing strains BrG I, BrG2, and
BrG3, the tenth consecutive transfer of each enrichment culture was submitted to
molecular analysis: Genomic DNA was extracted from the enrichment cultures during
exponential growth. 165 rONA segments were then amplified by PCR, and the amplified
165 rONA segments were separated by DGGE. To identify DGGE bands derived from
type-BrGI, type-BrG2, or type-BrG3 bacteria, denaturing gradient gels were blotted onto
a nylon membrane and hybridized with the three oligonucleotide probes which were
specifically developed for strains BrG I, BrG2, and BrG3 (3). The electrophoretic
mobility of segments derived from the enrichment cultures was always compared to the
electrophoretic mobility of the 165 rONA segments derived from pure cultures of strains
BrG I, BrG2, and BrG3. Only hybridization signals which showed the expected position
in the gel were considered as positive signals.
An example of the DGGE-hybridization analysis with the oligonucleotide probe























.The first set of MPN dilutions was inoculated with sediment sampled at three
nelghbounng sItes in Bremen in November 1995. The numbers of lithotrophic and
lIllxotroP.hic ferrous Iron-oxidizing nitrate-reducers differed significantly (Fig. 2): 5 x 10)
to 2 x 10 Iithotrophic, but 9 x 106 to 5 X 108 mixotrophic ferrous iron-oxidizing nitrate-
reducerstper g dry weight of sediment were estimated.
FIG. 2. Numbers of lithotrophic CJ and' h' E2J . . ..
nitrate-reducers at ~eighbouring sites in Br::~:r~~ti~ated b~r;J~~ IJ~n~oxldlzmg
moculated With sediment samples obtained in November 1995 I U IOns
Error bars correspond to 95% confidence limits. .
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According to the three identification criteria, Le. metabolic capacity, DGGE banding
pattern, and positive hybridization signal with the species specific probe, type-BrG I
bacteria were detected in three enrichment cultures set up with sediment from Bremen
(Fig. I, lane 10), Munich (Fig. I, lane 6), and Sonderhausen (Fig. I, lane 7). Although
the hybridization analysis gave also a positive signal with segments derived from the
enrichment culture from Tiibingen (Fig. I , lane 4), the enrichment was not considered to
contain type-BrG I bacteria since its DGGE banding pattern was different: The DGGE
band which hybridized with the BrG I specific oligonucleotide probe migrated to a
position below the position typical for the 16S rDNA segments of strain BrG I (Fig. I ,
lane I and 12).
In each enrichment culture type-BrG I, type-BrG2, or type-BrG3 bacteria were
detectable; the results are summarized in Table I. However, only in the enrichment culture
repeated with sediment from Bremen all three types of bacteria were present.
Quantitative analysis of MPN dilutions. The most probable number (MPN)
dilution method is a method for estimating the density of microorganisms of a certain type
of metabolism in a sample. In order to estimate the number of lithotrophic and
mixotrophic ferrous iron-oxidizing nitrate reducers, MPN dilutions were performed with
two different types of media, but were inoculated from the same sediment sample.
According to the strictly lithotrophic enrichment culture (26), one medium contained
ferrous iron as the only electron donor, CO2 as the only carbon source, and nitrate as the
electron acceptor. In contrast to the strictly lithotrophic enrichment culture, the strains
BrG I, BrG2, and BrG3, which were isolated from this lithotrophic enrichment culture
preferred to co-metabolize ferrous iron with an organic substrate such as 0.5 roM acetate,
as additional electron donor and carbon source; strain HidR2 an isolate obtained from a
brakish water enrichment culture of the Baltic Sea also rather co-metabilized ferrous iron
with an organic substrate (25, 26). According to these observations the second medium
contained in addition to ferrous iron, CO2, and nitrate 0.5 roM acetate. Comparing the
results of the lithotrophic and the mixotrophic approaches, the natural limitation of the
lithotrophic approaches due to organic material possibly present in the sediment samples
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The second set of MPN dilutions was inoculated with sediment samples from Bremen
(northern Germany), Ttibingen (southern Germany), Carpi (northern Italy), and
Perpignan (southern France) obtained in June 1996. In addition to the two ferrous iron
containing media, a third medium, supplied with acetate as the electron donor and carbon
source and nitrate as the electron acceptor was used to quantify the acetate-oxidizing
nitrate-reducing community. For further comparison, the total number of cells in the
sediments was determined by epifluorescence microscopy after staining the cells with
DAP!. The third set of MPN dilutions was inoculated with sediment samples from
Bremen and Ttibingen obtained in October 1996.
Table 2 summarizes the results of the second and third set of MPN dilutions. Ferrous
iron-oxidizing nitrate-reducers were found in sediments of all four locations. As already
observed with the first set of MPN dilutions with sediment samples of Bremen (Fig. 2),
the numbers of lithotrophic and mixotrophic ferrous iron-oxidizing nitrate-reducers
differed significantly: 102 to 105 times more mixotrophic ferrous iron-oxidizing than
lithotrophic ferrous iron-oxidizing nitrate-reducers were estimated in each sediment.
The numbers of lithotrophic ferrous iron-oxidizing nitrate reducers ranged between 5.5
x 102 and 1.3 x 10' cells per g dry weight of sediment; in the sediment sample collected in
Carpi, no lithotrophic ferrous iron-oxidizing nitrate-reducers were detected (Table 2). The
numbers of mixotrophic ferrous iron-oxidizing nitrate-reducers was in the range of I x
105 to 4 x 106 per g dry weight of sediment.
The numbers of ferrous iron-oxidizing nitrate-reducers were compared to the numbers
of acetate-oxidizing nitrate-reducers which were also estimated by MPN dilutions. It
turned out that nitrate-reducers with the capacity to oxidize ferrous iron formed a
population of at most 0.8% within the group of nitrate-reducers capable of oxidizing
acetate (Table 2). The total cell numbers at the different sites ranged between 1.6 x 109
and 2.9 x 10'0 cells per g dry weight of sediment. The lithotrophic ferrous iron-oxidizing
bacteria formed less than 0.000 I % of the total bacterial community. The mixotrophic
ferrous iron-oxidizing bacteria contributed generally between 0.004% and 0.04% of the
total bacterial community, only in Bremen at sampling site I in 1995 the mixotrophic
ferrous iron-oxidizing nitrate-reducers contributed 3% of the bacterial sediment
community. The numbers of nitrate-reducers capable of oxidizing ferrous iron
anaerobically allows, however, no conclusion on the actual rate of ferrous iron oxidation
occurring in the sediments investigated.
Attempts to isolate lithotrophic ferrous iron-oxidizing nitrate-reducers from lithotrophic
MPN cultures failed. This suggests that either mixotrophic bacteria supplied with organic
material from the sediment sample were responsible for the oxidation of ferrous iron
observed, or that the medium used was not sufficient to sustain growth of hitherto
unidentified lithotrophic ferrous iron-oxidizing nitrate-reducers.
FIG.3 (A) DGGE separation patterns of peR-amplified 165 rONA segments derived from
pure cultures of ferrous Iron-OXidiZing nitrate-reducers and mixotrophic MPN dilutions
Inoculated With sediment samples collected in Bremen in June 1996. MPN cultures of three
parallleJ,senes (lto 3)3 were analyse1· Lane I: strain BrGI; lane 2: 1_10'; lane 3: 1-10'; lane
4. 31- 10 , la~e 5.2,-10; lane 6: 2~1O; lane 7: 2-10'; lane 8: 2-10'; lane 9: 2-10'; lanelO: 3-
10, lane II. 3-10; lanel2: 3-10; lane 13: strain BrG3.
Molecular analysis of MPN cultures. The abundance of the type-BrG I, type-
BrG2, and type-BrG3 ferrous iron-oxidizing nitrate-reducers in sediment samples
collected in Bremen (November 1995, June 1996), Tiibingen (June 1996), Carpi and
Perpignan was estimated by DGGE-hybridization analysis of the lithotrophic and
mixotrophic MPN dilutions. Genomic DNA was extracted from MPN dilutions (102 to
lOS) in which ferrous iron oxidation had been observed (Table 3). PCR-amplified l6S
rDNA segments were then separated by DGGE, the denaturing gradient gels were blotted
onto nylon membranes and hybridized with the three species specific oligonucleotide
probes as outlined above. However, it was not always possible to obtain sufficient
amounts of 16S rDNA segments from all the MPN dilutions in which ferrous iron
oxidation had been observed. This failure, mainly in high dilutions, was most likely due
to little cell material, i.e. low DNA concentrations in the MPN cultures. All together 85
MPN tubes were successfully analysed: 20 tubes of lithotrophic MPN cultures and 65
tubes of mixotrophic MPN cultures.
An example of the DGGE-hybridization analysis of mixotrophic MPN dilutions set up
with sediment collected in Bremen (June 1996) is shown in Fig. 3. The DGGE pattern
was hybridized with the oligonucleotide probe specific for type-BrG I bacteria. Positive
hybridization signals were observed with 16S rDNA segments of a pure culture of strain
BrGl (Fig. 3, lane I) and the three parallel 103dilutions 1_103,2_103 and 3_103, (Fig. 3,
lanes 2, 5, and 10, respectively). Dilution 3_103 produced only a very weak hybridization
signal (Fig. 3B, lane 10). However, the signal intensity corresponded with the small
amounts of 16S rDNA segments present in the denaturing gradient gel (Fig.3A, lane 10).
The hybridization signal obtained with dilution 1_104 (Fig. 3, lane 3) was not considered
as positive signal, since the electrophoretic mobility of the l6S rDNA segments differed
from the mobility of the l6S rDNA segments derived from a pure culture of strain BrG I.
The results obtained with all three oligonucleotide probes are summarized in Table 3.
Type-BrG I bacteria were detected in 103 and 104 dilutions set up with sediments
collected in Bremen and Tiibingen, indicating cell numbers of up to 6.3 x 104 and 3.2 x
103cells per gram dry weight of sediment, respectively. Positive hybridization signals
were obtained with ten MPN dilutions, no hybridization signals were observed with any
of the investigated MPN dilutions set up with sediment from Perpignan and Carpi.
A
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Type-Bru2 bacteria were identified in 15 MPN tubes, and were repeatedly detected in
102 and IO
J
MPN dilutions set up with sediment samples taken in Bremen, Tiibingen and
Perpignan (Table 3). With the exception of one 104 and one 106 dilution set up with
sediment from Bremen in 1995, the type-Bru2 bacteria were not detected in higher
dilutions. This indicates that they contributed only up to 103 cells per ml wet sediment,
i.e. 6.3 x I6J cells per gram dry weight of sediment taken in Bremen, 3.2 x 103 cells per
gram dry weight of sediment taken in Tiibingen or 1.7 x 103 cells per gram dry weight of
sediment taken in Perpignan.
Hybridization signals with the oligonucleotide probe specific for type-Bru3 bacteria
were only obtained with three MPN dilutions. Type-Bru 3 bacteria were detected in 102
dilutions set up with sediment from Tiibingen and Perpignan, indicating that they
contributed only up to 102 cells per ml sediment or even less in the sediment samples
collected in Bremen.
These cell numbers represent only a first estimation. In general, the type-Bru I and
type-Bru2 ferrous iron-oxidizing bacteria could be detected in 102 and 103 dilutions set
up with sediments from Bremen, Tiibingen and Perpignan (type-Bru2 only). They
therefore contributed between 2 x IOJ and 6 x 103 cells per gram dry weight sediment or
generally less than 0.2% of the ferrous iron-oxidizing community and less than
0.00004% of the total bacterial population. The type-Bru3 bacteria represented an even
smaller fraction, since they were either deteceted in 102 dilutions or not at all. However,
type-Bru3 bacteria were present, i.e. detectable in six different enrichment cultures. This
striking difference might be explained by the physiological demands of strain Bru3. For
growth strain Bru3 depends on the supply of vitamin B
'2
and Ammonium (25). Vitamin
B12 and Ammonium were present in the media used. Enrichment conditions therefore may
favour the growth of type-Bru3 bacteria although they do not represent the numerically
dominant ferrous iron-oxidizing population in the sediments.
In higher dilutions (104 to 108), the l6S rDNA segments differed in their
electrophoretic mObility from the segments of pure cultures of strains Bru I, BrG2, and
Bru3, and did not hybridize with any of the three oligonucleotide probes (Fig. 2). These
results suggest, that bacteria other than the so far isolated strains represented the
numerical dominant ferrous iron-oxidizing nitrate-reducing populations.
Abundance of phototophic ferrous iron-oxidizing bacteria. Anoxygenic
phototrophs were the first microorganisms recognized that are able to utilize ferrous iron
as electron donor under anoxic conditions (30). In order to compare the number of
anoxygenic phototrophic ferrous-iron oxidizing bacteria to the number of ferrous iron-
oxidizing nitrate-reducers, the numbers of phototrophic ferrous-iron oxidizing bacteria
were estimated by MPN dilutions in sediments obtained from Bremen and Tiibingen in
October 1996.















In sediments of Bremen and Tiibingen 3.9 x IOJ and 1.1 x 102 per g dry weight of
sediment, respectively, ferrous iron-oxidizing anoxygenic phototrophs were estimated.
The numbers of ferrous iron-oxidizing phototrophs were related to the numbers of
acetate-oxidizing phototrophs which were also estimated by MPN dilutions. In the
sediment sample obtained from Bremen 0.0 I% of the acetate-oxidizing phototrophs were
able to oxidize ferrous iron in the light; from the sediment sample obtained in Tiibingen
0.04% of the acetate-oxidizing phototrophs were able to utilize ferrous iron as electron
donor for anoxygenic phototsynthesis. Similar results were obtained with freshwater
sediment samples from Bochum and marine sediment samples from three neighbouring
locations of the ladebusen (North Sea, Germany; 25).
A comparison of these results with the estimates of ferrous iron-oxidizing nitrate-
reducers (Table 3) suggests that in both groups of bacteria, i.e. nitrate-reducers and
phototrophs, organisms with the capacity to oxidize ferrous iron form only a minor
fraction.
Innuence of the indigenous iron concentrations of the sediments. In
order to investigate if there is a correlation between the occurrence of ferrous iron-
oxidizing nitrate-reducers and the indigenous concentrations of microbial available iron,
the iron concentrations of the sediments were detennined by the HCI-hydroxylamine
extraction method (Table I). With this method microbial reducible ferric iron minerals and
ferrous iron minerals, e.g. FeS and FeCOJ are extracted (15, 16). Taking into account the
microbial processes of ferric iron reduction and ferrous iron oxidation, the HCI-
hydroxylamine extractable iron is considered as the microbial available. However, ferrous
iron-oxidizing nitrate-reducers were enriched independent from the indigenous
concentration of the microbial available iron, which was as low as 28 llmol and as high as
356 llmol of iron per g dry weight of sediment in Bebenhausen and Bremen, respectively
(Table I).
Such a clear result was not obtained in respect to a possible correlation between the
numbers of ferrous iron-oxidizing nitrate-reducers and the concentration of the microbial
available iron. Similar numbers of ferrous iron-oxidizing nitrate-reducers were found in
sediments of Bremen and Tiibingen (Table 2) although the concentration of the microbial
available iron was in the sediment of Bremen twice as high as in the sediment of Tiibingen
(Table I). On the other hand, the numbers of ferrous iron-oxidizing nitrate-reducers in
sediments of Carpi and Perpingnan were significantly lower, as was the concentration of
the indigenous microbial available iron in these sediments (Table I, 2).
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Further physiological considerations. The abiotic reduction of nitrate, nitrite,
or nitrous oxide by ferrous iron was demonstrated to occur in bicarbonate-free systems in
the presence of catalytic concentrations of copper ions (~IO 11m) (5, 17). In the
bicarbonate-containing medium used in this study with extremely low concentrations of
added cop~r ($0.1 11m), nitrate and nitrous oxide did not react abiotically with ferrous
iron, and (I1itrite (2 mM) oxidized 3 mM ferrous iron within 18 days (26). In another
chemical control, 1 mM nitrite oxidized 2 mM ferrous iron abiotically (25).
The nitrite concentrations were therefore monitored in enrichment cultures and MPN
dilutions. Only in a few MPN cultures low concentrations of nitrite ($1 mM) were
detected. Hence just the process of biological ferrous iron oxidation was significant in the
enrichment cultures and MPN dilutions stUdied.
All bacteria with the capacity to oxidize ferrous iron under nitrate-reducing conditions
obtained so far reduce nitrate to N2 (25, 26). Nevertheless, according to bioenergetic
considerations the oxidation of ferrous iron could as well be coupled to the reduction of
nitrate to ammonium (EO' mean value: NOJ"INH:, +0.36 V; calculated from 6Go' values
given by Thauer et al.; 27). However, no ferrous iron-oxidizing enrichment or MPN
culture produced ammonium from nitrate. In addition, ferrous iron-oxidizing enrichment
culures and MPN dilutions which were repeated with ammonium-free media (inoculated
with sediment samples from Bremen and Tiibingen; data not shown) did also not produce
ammonium from nitrate.
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Abstract
Ferric iron was produced anaerobically from ferrous iron through the
metabolic activity of recently described ferrous iron-oxidizing, nitrate-
reducing bacteria. It was identified as poorly crystallized 2-line
ferrihydrite with a particle size of 1-2 nm. This biologically produced
ferrihydrite was shown to be a suitable electron acceptor for dissimilatory
ferric iron-reducing bacteria in freshwater enrichment cultures, and was
completely reduced to the ferrous state; no magnetite formation occurred.
Geobacter metallireducens was also able to completely reduce the
biologically produced ferrihydrite. These results indicate the possibility of
an anaerobic, microbial cycling of iron. Using the biologically produced
ferric iron, two isolates of obligately anaerobic, dissimilatory ferric iron-
reducing bacteria, strains Dfrl and Dfr2, were obtained from freshwater
enrichment cultures. Analysis of 16S rRNA gene sequences revealed an
affiliation with the Geobacter cluster within the family Geobacteraceae.
The sequence similarity between strains Dfrl and Dfr2 is 92.5 %. The
closest relative of strain Dfrl is Geobacter sulfurreducens with 92.9 %,
and of strain Dfr2 Geobacter chapelleii with 93.7% sequence similarity.
In addition, strains Dfrl and Dfr2 are both able to grow by dissimilatory
reduction of Mn(IV), So, and fumarate. Furthermore, strain Dfr2 is able to
reduce akaganeite (p-FeOOH), a more crystallized type of ferric iron
oxide. Based on physiological and phylogenetic data, strain Dfrl is
described as Geobacter bremenensis sp. nov., and strain Dfr2 as
Geobacter aggregans sp. nov.
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Introduction
Dissimilatory reduction of ferric iron oxides is considered to be an important process
for the oxidation of organic matter in a wide variety of marine and freshwater sediments
(I, 9... 23, 30). During the last couple of years a number of dissimilatory ferric iron-
reddcing organisms belonging to different phylogenetic groups have been isolated (e.g. 7,
10, 19, 24, 33, 35). In most of these studies natural or synthetic, poorly crystallized
ferrihydrite (often termed amorphous iron oxide, hydroxide, or hydrous ferric oxide) was
used as an electron acceptor.
Ferrihydrite is one of the sixteen ferric iron oxides, hydroxides, and oxide hydroxides
known today. It is a reddish-brown mineral commonly found in surface environments
(12). The crystal structure of both synthetic and natural ferrihydrite is poorly ordered.
Furthermore, the degree of ordering is variable. Named according to their diffraction
patterns, 2-line and 6-line ferrihydrite are the two extremes of ordering, the former being
the least and the latter being the most ordered type of ferrihydrite (12). Neither the crystal
structure nor the chemical formula of the 2-line ferrihydrite has been fully established; the
broad width of the two peaks in its diffraction pattern aggrevates an interpretation (34).
Furthermore, it is not clear if the crystal structure of ferrihydrite depends on its formation
process and if the term embraces a variety of minerals, similar as suggested by Bigham et
al. (4) for the ferric iron mineral schwertmannite (12,13, 18). However, many important
features of ferric iron oxides, e.g. reactivity and solubility, depend on the crystal
structure.
Recently it was recognized that ferrous iron can serve as an electron donor under
anoxic conditions for mesophilic, nitrate-reducing bacteria from freshwater sediments
(36) as well as for a hyperthermophilic, nitrate-reducing Archaeum from a marine
hydrothermal vent system (20). In cultures of the mesophilic, nitrate-reducing bacteria
from freshwater sediments a vivid yellow-brown to orange, rusty precipitate of ferric iron
was produced during anoxic growth on ferrous iron (36). The aim of the present study
was the identification of this biologically produced ferric iron and to test its suitability as
electron acceptor in enrichment and pure cultures of dissimilatory ferric iron-reducing
bacteria. A reduction of the anaerobically produced ferric iron would indicate the
possibility of an anaerobic, microbial cycling of iron. Furthermore, two new Geobacter
species, strains Dfr I and Dfr2, were isolated and their physiological features and
phylogentic affiliation are described.
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Materials and Methods
Source of bacteria. Sediment samples for enrichment cultures, were collected from
freshwater ditches in Bremen, Bad Rothenfelde (Niedersachsen), and Sonderhausen
(Thtiringen), Germany. Geobacter metallireducens (DSM 72IOT) was obtained from the
Deutsche Sarnmlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig,
Germany).
Media and growth conditions. Techniques for preparation of media and
cultivation of bacteria under anoxic conditions have been described elsewhere (38). For
enrichments, isolation, and cultivation of ferric iron-reducing bacteria a defined,
bicarbonate-buffered freshwater medium was used; the medium contained per liter of
distilled water 0.6 g of KH2PO., 0.3 g of NH.CI, 0.05 g of MgSO.· 7H,o, 0.4 g of
MgCI2 · 6 H,o, and 0.1 g of CaC12 • 2H20. After autoclaving and cooling under an
atmosphere of NjC02 (90/10, vol/vol), 30 mI NaHC03 solution (84 gil, autoclaved
under CO2), vitamins, an EDTA-chelated mixture of trace elements, and a selenite and
tungstate solution (38) were added; the pH was adjusted to 7.0. For isolation and growth
of pure cultures, the medium was reduced with 4 mM ascorbate added from a I M stock
solution (?scorbic acid neutralized in an ice bath with NaOH, filter-sterilized, and stored at
4°C in the dark under N2). Ascorbate did not serve as a growth substrate and at
concentrations of 4 mM did not reduce the ferric iron oxides used in this study. All
cultures were incubated at 28°C in the dark.
When cultures were grown with ferric iron oxides, tubes and bottles were incubated
horizontally and shaken every other day to allow even distribution of bacteria and iron
minerals.
Source of the biologically produced ferric iron oxide. A lithotrophic,
nitrate-reducing enrichment culture was grown on ferrous iron as described elsewhere
(36). The ferric iron precipitate formed was washed five times with the tenfold volume of
distilled water to remove medium components. The resulting ferric iron suspension was
deoxygenated by stirring under N2 and repeated exchanges of the atmosphere in a tightly
sealed flask. The ferric iron suspension was then autoclaved and stored in the same tightly
sealed flask under N2. The ferrous iron-oxidizing enrichment culture can be obtained from
us on request.
Preparation of other ferric iron oxides. Akaganeite (~-FeOOH), (2-line)
ferrihydrite, and goethite (a-FeOOH) were synthesized as described by Lovley and
Phillips (26). Magnetite (Fep.) was synthesized according to Schwertmann and Cornell
(34). The synthesized ferric iron species were identified by electron diffraction analysis.
In addition, the crystal sizes of the different ferric iron species were determined; the
respective sizes of akaganeite, ferrihydrite, goethite, and magnetite crystals were 120-400
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nm, 8-20 nm, 80-600 nm, and 5-20 nm. All ferric iron forms were deoxygenated,
sterilized by tyndallization, and stored in the same manner as the biologically produced
ferric iron.
Isolation of ferric iron-reducing bacteria. Pure cultures were obtained via
repeate<!..agar dilution series (38) with 2.5 mM acetate as the electron donor and 10 mM
fumarate as the alternative electron acceptor. Purity was verified microscopically after
growth of isolates in medium with yeast extract (0.5 gil), pyruvate (2 mM), or acetate (5
mM) as electron donors and 10 mM fumarate as the electron acceptor. Furthermore,
homogeneity of colonies in agar dilutions was checked.
Isolates were screened for genetic diversity by denaturing gradient gel electrophoresis
in the same manner as described previously for ferrous iron-oxidizing nitrate-reducers
(6).
Analytical methods. Ferrous iron was quantified photometrically at 510 nm after
chelation with 2 mM o-phenanthroline in 0.7 M sodium acetate buffer, pH 5, in a test
volume of I mI (modified from ref. 15). Immediately before taking samples, cultures
were agitated to disperse iron precipitates homogeneously. Samples were taken with
anoxic syringes and were immediately acidified with HCI (final concentration I M). The
concentration of the biologically produced ferric iron was determined as just described
after reduction with 0.28 M hydroxylarnrnonium chloride; the ferrous iron concentration
determined before reduction was substracted.
To identifiy the biologically produced ferric iron oxide and to determine its crystal size
and degree of crystallinity, a drop of the ferric iron suspension was placed onto a
formvar-carbon-coated copper grid and air dried. Selected area diffraction was carried out
with a Zeiss EM IO. The synthesized ferric iron oxides (akaganeite, ferrihydrite, goethite,
and magnetite) were also analyzed using the same method.
16S rRNA gene sequence determination and phylogenetic analysis.
Nucleic acids were extracted from frozen cell pellets of strains Dfrl and Dfr2 as described
by Zhou et al. (40). Template DNA for sequence analysis of the 16S rRNA gene was
obtained by amplification with the forward primer 8F (5'-AGAGTTTGATCMTGG-3')
and the reverse primer 1492R (5'-TACCTTGTTACGACTT-3') as described (6). The
16S rDNA products were purified with the Quiaquick Spin PCR purification kit (Quiagen
Inc.). Both strands of the purified PCR products were directly sequenced by using the
Taq DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems, Foster City,
Calif.) and the Applied Biosystems 373S DNA Sequencer. Primers complementary to
conserved regions of the bacterial 16S rRNA were chosen as sequencing primers (6).
16S rRNA sequences were aligned by secondary structure to those of other bacteria
obtained from the EBI sequence database (14) and the Ribosomal Database Project (RDP)
database (28). Sequence alignments were prepared with the sequence alignment editor
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SEQAPP (17). Sequence similarities were determined using PAUP (Phylogenetic
Analysis Using Parsimony; (37). Phylogenetic distance trees were inferred with the
programs DNADIST and FITCH as included in Felsensteins PHYLIP program package
Version 3.5c (16). DNADIST calculates a matrix of evolutionary distances from
nucleotide squence mismatches based on the Jukes-Cantor model. From these distance
matrices a phylogenetic tree was inferred with FITCH, which uses the Fitch-Margoliash
least-squares algorithm. The tree was checked by bootstrap resampling (lOOx) using the
program SEQBOOT, also included in the software package PHYLW 3.5c.
All nucleotide positions given in this study correspond to the E. coli numbering
according to Brosius et al. (5).
Nucleotide sequence and strain accession numbers. The 16S rRNA
sequence of strain Dfr! and Dfr2 was submitted to the GenBank database (3) under the
accession number U96917 and U96918, respectively. Strains Dfr! and Dfr2 are
deposited at the Deutsche SammJung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany, under accession numbers DSMXXX and DSMXXX,
respectively.
The GenBank accession numbers of reference organisms used in the phylogenentic
analyses are as follows: Clostridium pasteurianum, M29390; Desulfobacter curvatus,
M34413; Desulfobacterium autotrophicum, M34409; Desulfobulbus propionicus,
M34410; Desulfococcus multivorans, M34405; Desulfomonile tiedjei, M26635;
Desulfosarcina variabilis, M26632; Desulfuromonas acetexigens, U23140;
Desulfuromonas acetoxidans, M26634; Desulfuromonas palmitatis, U28172;
Desulfuromusa bakii, X79412; Desulfuromusa kysingii, X79414; Desulfuromusa
succinoxidans, X79415; Geobacter chapelleii, U41561; Geobacter hydrogenophilus,
U28173; Geobacter metallireducens, L07834; Geobacter sulfurreducens, U13928;
Myxococcus xanthus, M34114; Pelobacter acetylenicus, X70955; Pelobacter acidigallici,
X77216; Pelobacter carbinolicus, U23141; Pelobacter propionicus X70954; Pelobacter
venetianus, U41562.
DNA base composition. The mol% G+C of the DNA was determined by HPLC.
The analysis was carried out by the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany.
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Results and Discussion
Description and identification of the biologically produced ferric iron
oxide. In oxic aquatic environments of neutral pH the oxidation of ferrous iron to
ferrihydrite proceeds by chemical reaction or may be catalyzed by aerobic bacteria such as
Gallionella and Leptothrix (34). The anaerobic, microbial oxidation of ferrous iron was
only recently described as a new type of metabolism in phototrophic (39) and nitrate-
reducing microorganisms (20, 36).
The vivid yellow-brown to orange precipitate of ferric iron produced during anoxic
growth of freshwater ferrous iron-oxidizing, nitrate-reducing bacteria (36) was examined
by transmission electron microscopy and electron diffraction analysis. The biologically
produced ferric iron had a crystal size of 1-2 nm (Fig. I). Electron diffraction analysis
identified this ferric iron as poorly crystallized 2-line ferrihydrite with two characteristic
broad peaks at 0.15 nm and 0.25 nm. The distinct line broadening reflects the small
particle size which was also observed by transmission electron microscopy. These results
indicate that also under conditions in anoxic sediments the anaerobic, microbial oxidation
of ferrous iron may lead to the formation of ferrihydrite.
7'l~'
FIG. 1. Electron micrograph of the biologically produced 2-line ferrihydrite;































FIG. 2. Unrooted evolutionary distance tree inferred from nearly complete 16S rRNA
sequences (positions 20 to 1481; E. coli numbering) showing the phylogenetic relationships
of the dissimilatory ferric iron-reducing strains Dfr! and Dfr2 and members of the delta-
subdivision of the Proteobacteria. Bootstrap values for the family Geobacteraceae above
50% From 100 bootstrap analyses are given at branch nodes; the scale bar corresponds to
0.05 substitutions per nucleotide position: C. pastel/riall"m was used as an outgroup.
Enrichment and isolation. The suitability of the biologically produced ferrihydrite
to serve as an electron acceptor was tested in enrichment cultures. Freshwater medium
supplied with 10 mM biologically produced ferrihydrite as the electron acceptor, and
acetate or benzoate as the electron donor and carbon source, was inoculated with
freshwater sediment samples from three different locations in Germany (Bad Rothenfelde,
Bremen, and Sonderhausen). In all six enrichment cultures, the reduction of ferric iron
occurred within 18 days. Subcultures obtained after subsequent transfers (inoculum size,
5-10% [voVvol)) reduced the biologically produced ferrihydrite even faster: Within three
days the ferric iron supplied (10 roM) was completely reduced to the ferrous state. The
suitability of the ferrihydrite anaerobically produced by nitrate-reducing bacteria to serve
as an electron acceptor for ferric iron-reducing microorganisms indicates the possibility of
an anaerobic, microbial cycling of iron.
Agar dilutions with 10 mM fumarate as the alternative electron acceptor and 4 mM
ascorbate to guarantee anoxiv conditions were inoculated from the tenth subculture of
each enrichment. After two weeks of incubation colonies had formed; the majority of the
colonies was red. Such red-coloured colonies were further purified by repeated agar
dilution series. Finally ten colonies were isolated and transferred to liquid media
containing biologically produced ferrihydrite as an electron acceptor; all isolates were able
to reduce the ferric iron supplied. In control experiments without an electron donor, no
reduction of the biologically produced ferric iron occurred.
Denaturing gradient gel electrophoresis allows the separation of 16S rRNA gene
segments that are identical in size but differ in their nucleotide sequences, reflecting
phylogenetic differences (29). Since 16S rRNA gene sequence analyses and the entire
physiological characterization of various strains is time-consuming and labour-intensive,
the genetic diversity of the obtained isolates was first examined by denaturing gradient gel
electrophoresis, in the same manner as described previously for ferrous iron-oxidizing
nitrate-reducers (6). Two isolates, strains Dfrl and Dfr2, which according to the DGGE
pattern represented bacteria with different types of 16S rRNA genes, were chosen for
further characterization.
Phylogenetic analysis and G+C content of DNA. Comparative 16S rRNA
gene sequence analysis revealed that the dissimilatory ferric iron-reducing strains Dfrl
and Dfr2 shared 92.5% sequence identity. Phylogenetic analysis of the nearly complete
16S rDNA sequences (positions 20-1481 were considered) showed that the strains Dfrl
and Dfr2 are members of the family Geobacteraceae (22) within the delta-~llbdivision of
the Proteobacteria (Fig. 2). Both strains showed between 92.3% and 93.7% sequence
identity with other members of the Geobacter cluster and were placed in the Geobacter
cluster as defined by Lonergan et al. (22). The closest known relative of strain Dfrl is G.











































































































































































































































































FIG. 3. Comparison of higher-order secondary structures between the Geobacler and
DeslI!fllrolllollas cluster (22) and strains Dfrl and Dfr2. 165 rRNA position numbers
correspond [0 the E. coli numbering.
Dfr2 are G. chapelleii and G. sulfurreducens (93.7% sequence identity). Sequence
identities of strains Dfr! and Dfr2 with the Desulfuromonas cluster ranged between
87.5% and 91.7%. The molecular isolate Desulfuromonas sp. 2 (GenBank accession
number M80618), which was shown to be affiliated with G. metal/ireducens and
Pelobacter propionicus (22) showed 94.1 % and 94.9% sequence identity with strains
Dfr! and Dfr2, respectively (positions 385-927 were considered).
After detailed inspection of 16S rRNA sequences, Lonergan et al. (22) discovered that
the presence of certain nucleotides at specific positions, as well as higher-order secondary
structures allowed a differentiation between the Geobacter and the Desulfuromonas
cluster. This distinction was not clear with strains Dfr! and Dfr2: Both strains
corresponded in most nucleotide positions with the Geobacter cluster, however, strain
Dfrl shared the same nucleotides with the Desulforomonas cluster at four positions (200,
217, 1122, 1151), and strain Dfr2 differed at five postions (286, 681, 1122, 1151, 1168)
from the Geobacter cluster (Table I). Higher-order secondary structures of both strains
starting at position 1024 also differed from those of the Geobacter cluster, while higher-
order secondary structures starting at postion 1443 were identical with those of the
Geobacter cluster (Fig. 3).
The G+C content of strains Dfrl and Dfr2 was 60 mol% and 53 mol%, respectively,
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Morphological and physiological characterization. Cells of strains Ofrl and
Ofr2 had the shape of slightly curved rods and therefore differed from the rod-shaped
Geobacter species described so far (8, II, 25). Cells of strain Ofr! were approximately
1.8 x 0.6 11m in size, while cells of strain Ofr2 had an average size of 1.5 x 0.6 11m. The
majority of the cells (approximately 95%) was nonmotile in both strains, and the cells
tended to form aggregates. When grown on ferric iron, the colour of the iron precipitates
hid the colour of the cells. When cells were grown with fumarate as the alternative
electron acceptor, cell suspensions and colonies in agar dilutions were red.
The temperature range for growth of strains Ofrl and Ofr2 was between lOoC and
35°C, with an optimum at 30°C to 32°C.
The pH range and optimum for growth of both strains depended on the electron
acceptor supplied. With ferrihydrite as the electron acceptor, the pH range for growth of
strain Ofrl was between pH 5 and 7.5, with an optimum at pH values from 5.5 to 6.7.;
strain Ofr2 grew with ferric iron at pH values from pH 5.7 to 7.5, with an optimum
between 6.7 and 7.0. When fumarate was supplied as the electron acceptor, the pH range
for growth of strain Ofrl was between pH 5.5 and 8.5, with an optimum between 7 and
7.5, and strain Ofr2 grew at pH values from 5.8 to 8.5, with an optimum between 6.7
and 7.0.
Strains Ofr! and Ofr2 were isolated from freshwater sediments and both strains
tolerated only low concentrations of sodium cWoride in the medium. Strain Ofr! grew in
the presence of up to lO g NaCI per liter, whereas strain Ofr2 tolerated a maximum of 5 g
NaCI per liter.
Both strains showed no requirement for vitamins.
The utilization of electron acceptors other than ferrihydrite was tested in growth
experiments with acetate as the electron donor and carbon source. Strains Ofr! and Ofr2
were both able to grow by reducing Mn(IV), So, fumarate, or malate; both strains were
unable to reduce oxygen, nitrate, nitrite, sulfate, sulfite, or thiosulfate.
The utilization of electron donors was tested in growth experiments with ferrihydrite as
the electron acceptor. Strains Ofrl and Ofr2 were able to oxidize a variety of compounds
(Table 2). The range of substrates utilized by both strains differed slightly: Only strain
Ofrl utilized butyrate, lactate, benzoate, and butanol. Furthermore the range of
compounds utilized by strains Ofr! and Ofr2 was distinct from the range of compounds
used by their closest relatives (Table 2). In sterile control experiments without inoculum,
none of the possible electron donors tested reduced the biologically prod~ced ferrihydrite
by chemical reaction. Lovley et al. (27) had previously shown that there is little potential
for the nonenzymatic reduction of synthetically produced ferrihydrite in nonsulfidic
environments.
Both strains grew well with fumarate or malate in the absence of an external electron
acceptor but did not grow fermentatively with pyruvate, lactate, yeast extract, ethanol,
acetoin, or 2,3-butanediol.
Reduction of the biologically produced ferrihydrite. The time course of the
reduction of the biologically produced ferrihydrite was similar in cultures of strains Ofr I
and Ofr2 (Fig. 4). Within three days the ferrihydrite supplied was completely reduced to
ferrous iron and a beige sediment, consisting most likely of ferrous iron carbonates and
ferrous iron phosphates had formed; no magnetite formation occurred. At the end of the
growth phase the pH of the media had raised from 7 to 7.5. The observation that no
magnetite was formed during dissimilatory reduction of ferrihydrite is consistent with
thermodynamic data which suggest that magnetite is the dominant iron mineral only at
higher pH values (2).
In addition, the suitability of the biologically produced ferrihydrite to serve as an
electron acceptor for bacteria was tested with G. metallireducens. In growth experiments,
G. metallireducens was able to reduce the biologically produced ferrihydrite completely to
its ferrous state. On the other hand, strains Ofr! and Ofr2 were also able to grow by
reduction of synthetically produced 2-line ferrihydrite.
Reduction of other ferric iron oxides. Studies with enrichment cultures had
suggested that dissimilatory ferric iron-reducing bacteria are predominantly only able to
reduce poorly crystallized ferric iron oxides such as ferrihydrite (31). However, recently
it was demonstrated that Shewanella species are able to reduce more crystallized ferric
iron oxides such as goethite (a-FeOOH; (32) and magnetite (Fep.; (21). Furthermore,
the reduction of akaganeite (p-FeOOH), another more crystallized ferric iron oxide, was
observed in a freshwater enrichment culture (26).
Strains Ofrl and Ofr2 were tested for their ability to reduce these three different types
of more crystallized ferric iron oxides in growth experiments. Both strains were unable to
reduce goethite or magnetite, however, strain Ofr2 was able to reduce akaganeite (Fig. 5).
The reduction of akaganeite by strain Ofr2 was considerably slower than the reduction of
ferrihydrite but was observed repeatedly in growth experiments. In growth experiments
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FIG. 4. Ferrous iron production during growth of strains Ofrl and Ofr2 on 10 mM
biologically produced ferrihydrite as the electron acceptor, and acetate as the electron donor
and carbon source. Symbols: ., ferrous iron in growing culture of strain Ofr!; .... ferrous
iron in growing culture of strain Ofr2; 0, t. ferrous iron in pasteurized controls (10 min at
80°C) with strains Ofrl and Ofr2, respectively.
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FIG. 5. Growth experiments with akaganeite as the electron acceptor and acetate as the
electron donor and carbon source. Symbols: ., .... ferrous iron in two independent growth
experiments with strain Ofr2; _, +, ferrous iron in growth experiments with strain Ofrl and
Geobacter metallireducens, respectively; 0, ferrous iron in a pasteurized control (10 min at
80°C) of strain Ofr2.
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Taxonomic conclusions. The results of the 16S rDNA sequence analysis showed
the affiliation of strains Dfrl and Dfr2 with the genus Geobacter within the delta-
subdivision of the Proteobacteria. On the basis of the low 16S rDNA sequence similarity
values « 94%) to other species of the genus Geobacter and differences in morphological
and physiological characteristics in comparison to other species of this genus, the strains
Dfrl and Dfr2 represent novel species. Strains Dfrl and Dfr2 can be differentiated from
each other by their low 16S rDNA sequence similarity (92.5%), their G+C content, and
the range of substrates used for growth. In addition, only strain Dfr2 is able to use
akaganeite as an electron acceptor. On the basis of these characteristics and the differences
observed between the two strains they are described as two new species of the genus
Geobacter, G. bremenensis sp. nov., for strain Dfrl, and G. aggregans sp. nov., for
strain Dfr2.
Description of Geobacter bremenensis sp. nov. Geobacter bremenensis
(bre.men.en'sis. L. adj. bremenensis, referring to Bremen, where samples for enrichment
cultures were taken). Gram-negative, slightly curved rods, 1.8 Ilm long and 0.6 !UTI
wide; the majority of the cells is nonmotile and tends to form aggregates. No formation of
spores. Multiplication by binary fission. The colour of the cells is red. Electron donors
utilized are hydrogen, formate, acetate, propionate, butyrate, pyruvate, lactate, malate,
succinate, fumarate, benzoate, ethanol, propanol, and butanol. Electron acceptors utilized
are ferric iron (ferrihydrite), Mn(IV), So, fumarate, and malate; strictly anaerobic. Optimal
growth with ferrihydrite as the electron acceptor at 30-32°C and pH 5.5-6.7. No vitamins
required. The G+C content of the DNA is 60 mol%.
Type strain: Geobacter bremenensis, strain Dfrl (DSM XXX). Nucleotide accession
number U96917.
Description of Geobacter aggregans sp. nov. Geobacter aggregans
(ag'gre.gans. L. v. aggregare, to flock or band together; L. pres. part. aggregans,
assembling aggregating). Gram-negative, slightly curved rods, 1.5 Ilm long and 0.6 !UTI
wide; the majority of the cells is nonmotile and tends to form aggregates. No formation of
spores. Multiplication by binary fission. The colour of the cells is red. Electron donors
utilized are hydrogen, formate, acetate, propionate, pyruvate, malate, succinate, fumarate,
ethanol, and propanol. Electron acceptors utilized are ferric iron (ferrihydrite and
akaganeite), Mn(IV), S°, fumarate, and malate; strictly anaerobic. Optimal growth with
ferrihydrite as the electron acceptor at 30-32°C and pH 6.7-7. No vitamins required. The
G+C content of the DNA is 53 mol%. I
Type strain: Geobacter aggregans, strain Dfr2 (DSM XXX). Nucle~tide accession
number U96918.
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